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ABSTRACT 
The prevalence of antibiotic resistant bacterial pathogens has increased since the 
introduction of penicillin in the 1940s. Insufficient development of novel antibacterial 
agents is leaving us with a failing arsenal of therapies to combat these pathogenic 
organisms. We have identified a clay mineral mixture (designated CB) that exhibits in 
vitro antibacterial activity against a broad spectrum of bacterial pathogens, yet the 
antibacterial mechanism of action remains unknown. 
Antibacterial susceptibility testing of four different clay samples collected from 
the same source revealed that these natural clays had markedly different antibacterial 
activity.  X-ray diffraction analyses of these minerals revealed minor mineralogical 
differences across the samples; however, ICP analyses demonstrated that the 
concentrations of many elements, Fe, Co, Cu, Ni, and Zn in particular, vary greatly across 
the four clay mixture leachates. Supplementation of a non-antibacterial leachate 
containing lower concentrations of Fe, Co, Ni, Cu, and Zn to final ion concentrations and 
a pH equivalent to that of the antibacterial leachate resulted in antibacterial activity 
against E. coli and MRSA, confirming the role of these ions in the in vitro antibacterial 
clay mixture leachates. 
The prevailing hypothesis is that metal ions participate in redox cycling and 
produce ROS, leading to oxidative damage to macromolecules and resulting in cellular 
death.  However, E. coli cells showed no increase in DNA or protein oxidative lesions 
and a slight increase in lipid peroxidation following exposure to CB-L.  Supplementation 
of CB-L with ROS scavengers eliminated oxidative damage in E. coli, but did not rescue 
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the cells from killing, indicating that in vitro killing is due to direct metal toxicity and not 
to indirect oxidative damage. 
Finally, we ion-exchanged non-antibacterial clays with Fe, Co, Cu, and Zn and 
established antibacterial activity in these samples.  Treatment of MRSA skin infections 
with both natural and ion-exchanged clays significantly decreased the bacterial load after 
7 days of treatment. 
We conclude that 1) in vitro clay-mediated killing is due to toxicity associated 
directly with released metal ions and not to indirect oxidative damage and 2) that in vivo 
killing is due to the physical properties of the clays rather than metal ion toxicity. 
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CHAPTER 1 
Introduction 
 
This chapter was published in an altered format in the book entitled, Microbial pathogens 
and strategies for combating them: science, technology and education (Otto et al, 2013). 
 
1.1 Introduction 
1.1.1 Antibiotics, antimicrobials, and microbicides 
The discovery and development of antibiotics and similar drugs, collectively 
called antimicrobial agents, represent one of the most significant medical successes of the 
20th century and have substantially reduced illness and death from infectious diseases.  
By definition, antibiotics are low molecular weight products of microorganisms that kill 
or inhibit the growth of susceptible microorganisms.  In contrast, antimicrobial agents are 
synthetically-derived or chemically-modified compounds that exhibit antimicrobial 
activity at low concentrations.  Ideally, antimicrobial compounds will disrupt microbial-
specific processes or structures so that host toxicity and adverse side effects are 
minimized (Bryskier 1 - 12).  Microbicidal agents are chemical or physical agents that 
kill microorganisms and viruses and include compounds categorized as disinfectants, 
antiseptics, and sanitizers.  Disinfectants are designed to kill microorganisms and viruses, 
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but should only be used on inanimate objects, while antiseptics and sanitizers kill or 
neutralize bacteria and viruses on the skin and some mucosal surfaces (Block ). 
1.1.2 Complementary and alternative medicine 
The overuse and misuse of antibiotics over the past 70 years has led to a steady 
increase in the number of infections caused by antibiotic-resistant bacteria (Arias and 
Murray 439-443; Diekema et al. 78-85).  As the discovery of new antimicrobials has 
plummeted over the past two decades, the rise of antibacterial resistance has prompted 
the search for and development of alternative strategies and novel therapeutic treatments 
to combat bacterial infections.  One strategy is to integrate traditional and alternative 
medicines in the search for effective, low risk, and inexpensive antimicrobial agents.  
Complementary and alternative medicine systems have been used throughout 
history for a diversity of healthcare applications.  The US National Institutes of Health 
National Center for Complementary and Alternative Medicine defines complementary 
and alternative medicine (CAM) as “a group of diverse medical and health care systems, 
practices, and products that are not generally considered to be part of conventional 
medicine.”  While complementary medicines are commonly used together with 
conventional medicinal practices, alternative medicines replace the use conventional 
medicines.  Ongoing efforts are associated with promoting integrative or integrated 
medicine, which unites conventional medicine with CAM therapies for which there is 
evidence of safety and effectiveness.  More than 80% of the world’s population uses 
CAM, with recent reports indicating increased use in the US and integration into the US 
healthcare system. Reports from US national health surveys in 2002 and 2007 revealed 
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that 34% to 42% of American adults or children report using some form of CAM 
practices or therapies, demonstrating its widespread use and increased acceptance across 
the population (Barnes, Bloom, and Nahin 1-23; Barnes et al. 54-71; Mainardi, Kapoor, 
and Bielory 283-294.e10).  CAM products commonly used by consumers for topical 
antibacterial applications include herbal products, essential oils, colloidal silver, and 
clays (Martin and Ernst 241-246; Prabuseenivasan, Jayakumar, and Ignacimuthu 39-39; 
Mainardi, Kapoor, and Bielory 283-294.e10; Barnes, Bloom, and Nahin 1-23; Carretero 
155-163; Marambio-Jones and Hoek 1531-1551; Lansdown 125-130; Williams and 
Haydel 745-770). 
1.2 Historical and current use of medicinal clays 
1.2.1 Historical uses of clay – geophagy 
Clays have been used for medicinal applications throughout recorded history.  
The direct consumption of earth or soil-like substances, such as clay or chalk, for 
medicinal or spiritual purposes is termed geophagy.  The ancient tablets of Nippur, 
written approximately 5,000 years ago, listed clays as medicament for healing wounds 
and stopping “fluxes from the body.”  The Ebers Papyrus, the world’s oldest medical text 
dated approximately 1600 B.C., lists clay as a mineral remedy for ailments such as 
diarrhea, dysentery, tapeworm, hookworm, wounds, and abscesses (Nunn 240).  In the 
late 19th and early 20th centuries, German physician, Dr. Julius Stumpf, brought 
attention to the use of fine kaolin for the treatment of cholera (Schoenenberger 413-417).  
Following an injested bolus of dissolved kaolin clay, cholera patients reported immediate 
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relief from vomiting.  Stumpf attributed this relief to “abundantly cover[ing] the bacteria 
with finely divided inorganic matter [so that] they can no longer multiply; as a result the 
formation of toxins is stopped, and the disease takes a retrograde course” 
(Schoenenberger 413-417). 
1.2.2 Modern uses of clay – geophagy 
Women of the Tiv tribe in Nigeria have been reported to eat clay, particular 
during and shortly after pregnancy (Vermeer and Ferrell 634-636).  The Tiv people 
typically only mine clays located two to four feet below the earth’s surface, in regions 
that are below extant or extinct river beds.  Analyses of the chemical compositions in 
these subsurface areas revealed higher concentrations of calcium and magnesium relative 
to the top soil.  Given that the Tiv people are one of the only tribes that do not drink milk 
(milk-producing animals are susceptible to parasitic infections that are endemic in the 
area) and that the local top soil is typically deficient in calcium, the dietary intake of 
calcium through food crops is thought to be minimal.  Together, these data indicate that 
the Tiv geophagy cultural practices likely developed due to actual physiological need 
(Vermeer 197-204).  
1.2.3 Historical uses of clay – topical applications 
In addition to the widespread practice of geophagy, clays have been deployed for 
topical uses for centuries.  In the first century A.D., Dioscorides, a Greek physician and 
pharmacologist, published his book, De materia medica, an exhaustive encyclopedia of 
nearly 600 medicinal plants and 1,000 drugs.  Dioscorides described rubbing baked clay 
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tiles with vinegar and using them to heal itching, pustules, gout, and goiters (Dioscorides 
828).  During the late 19th century, clays were used as topical treatments for surgical 
wounds with demonstrated beneficial effects on pain management, inflammation, 
putrefaction, and healing processes (Hewson ).  Further, Reinbacher (Reinbacher 22-23) 
describes German physician, Dr. Julius Stumpf’s treatment strategy in 1898 of a patient 
who had long been suffering from a deep and suppurating ulcer of the tibia.  This patient 
refused amputation, so the physician began treatment with a thick layer of a fine clay 
poultice.  The wound immediately stopped producing a malodorous discharge, and after 
four days of repeated clay application and bandaging, the ulcer healed. 
1.2.4 Modern uses of clay – topical applications 
More recently, hydrated clay poultices were used for the treatment of Buruli ulcer, 
a difficult-to-treat necrotic skin infection caused by the bacterium Mycobacterium 
ulcerans (World Health Organization ; Williams et al. 437 - 452).  Two different green 
clays, which were later demonstrated to be mineralogically identical (Williams et al. 437 
- 452), were applied daily as hydrated poultices to individuals with advanced, necrotic 
Buruli ulcer disease.  After several months of topical treatment, the M. ulcerans skin 
infections resolved, and patients often healed with soft supple scarring and a resumption 
of normal motor function (World Health Organization ; Haydel, Remenih, and Williams 
353 - 361; Williams et al. 437 - 452).  In Iran, boiled Caprifoliaceae, or honeysuckle, 
flower extract is mixed with clay and applied dermally to treat colds (Miraldi, Ferri, and 
Mostaghimi 77-87). In Guinea, interviews with over 400 traditional healers revealed 
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numerous occurrences whereby healers mixed plant extracts with clays to generate 
poultices for topical applications (Magassouba et al. 44-53). 
1.3 Composition of pharmaceutical clays and prophylactic and therapeutic 
applications 
1.3.1 Pharmaceutical clays 
Clays are natural, fine-grained (< 2 micron) particles composed of negatively-
charged silicate sheets, commonly referred to as phyllosilicates.  In order to balance the 
charge, the negatively-charged clay surface freely exchanges positively-charged cations 
or products from the environment (Nesse and Schulze 235-260).  The use of clay 
minerals and non-silicate minerals as excipients in pharmaceutical and healthcare 
formulations has been extensively described (Viseras et al. 37-50; Viseras and Lopez-
Galindo 69-82; Lopez-Galindo, Viseras, and Cerezo 51-63; Carretero and Pozo 73-80; 
Choy et al. 122-132).  Phyllosilicates commonly used in pharmaceutical preparations 
include smectites, palygorskite, sepiolite, kaolinite, and talc, with montmorillonite, 
saponite, and hectorite comprising the most widely used smectite family clays (Carretero 
and Pozo 73-80). Clays harbor unique properties that are important for various 
pharmaceutical preparations: i) small particle size, ii) large surface reactivity, iii) ion-
exchange behavior, iv) swelling and sorption properties, v) rheological properties, vi) 
viscosity and flow behaviors, vii) solubility, viii) thermal capacities, ix) plasticity 
features, and x) optical attributes (Carretero and Pozo 73-80; Viseras et al. 37-50).  
Because of their large surface area, ion-exchange behavior, and consistent microporous 
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structure, zeolites are used similarly to clays in pharmaceutical or therapeutic applications 
(Carretero and Pozo 73-80).  The chemical composition of natural clays used in 
pharmaceutical and cosmetic preparations varies considerably.  While some clays, such 
as kaolinite, sepiolite, and talc, exhibit small variations, smectites and palygorskite have 
very broad compositional ranges and variations (Lopez-Galindo, Viseras, and Cerezo 51-
63).  Similarly, trace element composition of clays varies extensively.  Trace elements, 
which include both toxic and less hazardous elements, can be embedded within the 
structure of the clay minerals or adsorbed to the surface, with the latter elements more 
likely to mobilize and transfer to leaching solutions (Lopez-Galindo, Viseras, and Cerezo 
51-63). 
1.3.2 Prophylactic and therapeutic applications 
Prophylactic and therapeutic uses of clay minerals largely exploit the physical 
properties of clay minerals.  Minerals have been administered in oral (e.g. antacids, 
gastrointestinal protectors, antidiarrhoeaics, osmotic oral laxatives, homeostatics, direct 
emetics, antianemics, etc) and topical (e.g. antiseptics, disinfectants, dermatological 
protectors, anti-inflammatories, local anesthetics, decongestive eye drops, etc) 
applications (Carretero and Pozo 171-181).  Considering the adsorptive properties of 
clays, pharmaceutical and therapeutic benefits are commonly linked with the associated 
physical and physicochemical properties of clay minerals, described above (Lopez-
Galindo, Viseras, and Cerezo 51-63).   
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1.4 Natural antibacterial clays 
1.4.1 Biotic activities associated with soils and clays 
Examples of clays and soils being used for the treatment of cutaneous bacterial 
infections have been documented around the world throughout history with antimicrobial 
activity being attributed to biotic and abiotic factors.  Red soils from Jordan have 
historically been used for treating skin infections.  In the case of the Jordan red clays, 
microbicidal activity was due to the proliferation of bacteria naturally present within the 
soil and their concomitant production of antimicrobial compounds (Falkinham et al. 
2735-2741).  Since autoclaved red soils failed to kill inoculated bacteria, biotic factors 
(i.e., the presence of antimicrobial-producing microorganisms in the soil) served as the 
basis for the antimicrobial activity of Jordan’s red soils (Falkinham et al. 2735-2741).  
Other biotic influences, including protozoan or myxobacterial predation, lytic 
microorganisms, and bacteriophages, may also be responsible for controlling bacterial 
populations within soil (Acea and Alexander 703-709; Casida 1031-1034; Kang-Chien 
and Casida 551-555; Ashelford, Day, and Fry 285-289). 
1.4.2 Abiotic activities associated with natural antibacterial clays  
Due to their net negative charge, clays bind toxic metals to their surface.  In a 
hydrated environment, the ionic species adsorbed to clay surfaces can be exchanged into 
the surrounding medium in a manner that depends on the ionic strength of the aqueous 
medium and cation selectivity of the clay.  Aqueous clay mixture extracts (leachates) 
prepared from antibacterial clay minerals maintain antibacterial activity, demonstrating 
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that the in vitro antibacterial activity of the natural clay sample is dependent on chemical 
desorption of specific metal ions from the surface of the clay particles (Cunningham et al. 
e9456; Otto and Haydel e64068).  Haydel et al (Haydel, Remenih, and Williams 353 - 
361) described the broad-spectrum in vitro antibacterial activities of a natural iron-rich 
clay that was previously used therapeutically to treat patients infected with M. ulcerans 
(World Health Organization ).  Cunningham et al (Cunningham et al. e9456) identified 
two different natural clay mixtures which exhibited broad-spectrum antibacterial activity 
against Escherichia coli, extended-spectrum beta-lactamase E. coli, Pseudomonas 
aeruginosa, Salmonella enterica serovar Typhimurium, Staphylococcus aureus, and 
methicillin-resistant S. aureus (MRSA).  The authors demonstrate that the antibacterial 
activity of these clay samples is due to the release of exchangeable metal ions from the 
surface of the minerals [36].  Hence, antibacterial activity of these natural clays is 
dependent on the abiotic, microbicidal activities of desorbed metal ions (Otto and Haydel 
e64068). 
1.4.3 Microbicidal activity of metals  
While many metals are essential to life, some metals function as abiotic 
microbicides by affecting the growth, morphology, and biochemical activities of 
microorganisms (Gadd 197-203; Webber and Rutala 415-430).  The toxicity of a given 
metal depends on its speciation, concentration, and chemical properties, as well as the 
physicochemical characteristics presented by a given environment (Gadd 197-203).  
While some metal ions may be toxic, the degree of toxicity is a function of the 
bioavailability and free concentration of the metal, not the total concentration of the 
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metal.  Therefore, ion toxicity is directly linked to ion speciation changes influenced by 
the pH, redox state, ion solubility, osmotic strength, and temperature in the environment 
and during experimental conditions (Moberly et al. 7302-7308).  However, metal 
compounds, particularly containing silver, copper, and zinc, metal-based nanoparticles, 
and products impregnated with these metal ions or metal compounds have been exploited 
for biomedical and environmental applications and as microbicides for preventing 
infections (Webber and Rutala 415-430). 
1.4.4 Silver and silver products – mechanism of antibacterial action 
Silver and silver-based nanomaterials exhibit broad-spectrum microbicidal 
activity against bacteria, fungi, and viruses (Marambio-Jones and Hoek 1531-1551).  
While the beneficial antimicrobial effects of silver are well characterized, proposed 
mechanisms of action vary greatly and include the generation of reactive oxygen species 
(ROS), cell membrane damage, inhibition of respiration, and most recently, inactivation 
of iron-sulfur clusters of bacterial dehydratases involved in amino acid biosynthesis 
(Lansdown 125-130; Xu and Imlay 3614-3621; Li et al. 135-141).  Proteomic analyses of 
E. coli exposed to silver ions and silver nanoparticles revealed an accumulation of 
envelope protein precursors, destabilization of the outer membrane, and depletion of 
intracellular ATP, indicative of collapse of the membrane potential (Lok et al. 916-924).  
Further studies have shown that silver interacts with the many membrane-bound proteins 
found in the cytoplasmic membrane, such as transport or respiratory chain enzymes (Holt 
and Bard 13214).  Su et al (Su et al. 5979-5987) showed a significant increase in inner 
membrane permeability in E. coli following a 72 h exposure to silver nanoparticle-clay 
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hybrids as compared to clay-only control experiments.  However, in this study, E. coli 
cells were shown to be completely killed after an overnight exposure to the silver-clay 
nanohybrids.  Therefore, it is unclear if the increase in membrane permeability was due to 
the silver nanoparticles or if membrane permeability was a consequence of bacterial 
death (Su et al. 5979-5987).  Exposure of bacteria to silver ions has also been shown to 
induce production of large quantities of ROS, thus potentially damaging the cell (Xu and 
Imlay 3614-3621; Holt and Bard 13214; Su et al. 5979-5987).  However, binding of 
silver(I) to enzymes in the electron transport chain can uncouple the respiratory transport 
chain, resulting in the formation of superoxide and hydroxyl radicals (Xu and Imlay 
3614-3621; Holt and Bard 13214).  Thus, the generation of ROS is likely a secondary 
consequence rather than the direct cause of silver toxicity.  The silver ion is highly active 
and can bind strongly to electron donor groups containing sulfur, oxygen, or nitrogen 
(Schierholz et al. 257-262).  Very low concentrations of silver inhibited E. coli growth 
and inactivated fumarase A, a member of the dehydratase family (Xu and Imlay 3614-
3621).  Silver-mediated inactivation of fumarase A occurred in vitro and in vivo under 
anaerobic conditions to prevent production of oxygen species.  Therefore, silver toxicity 
in E. coli is not mediated by ROS (Xu and Imlay 3614-3621). 
1.4.5 Copper ions and copper surfaces – mechanism of antibacterial action 
Copper ions catalyze reactions that produce hydroxyl radicals via Fenton and 
Haber-Weiss reactions and cause oxidative damage to lipids, proteins, and DNA 
(Halliwell and Gutteridge 1; Halliwell and Gutteridge 1-85; Imlay, Chin, and Linn 640-
642; Stadtman 1220-1224).  Bacteria express silver, copper, and mercury export systems 
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to pump metals out of the cytoplasm (Nies 313-339; Silver 341-353; Summers 138-144) 
and counteract ROS by producing scavenging enzymes (Storz et al. 363-368; Demple 
315-337).  Moreover, since copper ions protected DNA from hydrogen peroxide-
mediated oxidative damage (Macomber, Imlay, and Fridovich 8344-8349) and oxidative 
damage is quickly repaired in vivo (Xu and Imlay 3614-3621), the underlying influence 
of oxidative stress in metal-induced antibacterial activity when cells are actively 
replicating may be indirect and circumstantial (Xu and Imlay 3614-3621).  The molecular 
basis of copper toxicity occurs via attack of bacterial iron-sulfur clusters in cytoplasmic 
dehydratases (Helbig et al. 5431-5438).  Soft metals, such as copper, bind the sulfur 
atoms of the cluster with high affinity, subsequently displace the catalytic iron atoms, and 
rapidly inactivate the dehydratase catalytic cluster (Xu and Imlay 3614-3621; Macomber, 
Imlay, and Fridovich 8344-8349).  This deprivation of the essential iron ion in the iron-
sulfur cluster abolishes the functional activity and ultimately causes death (Macomber, 
Imlay, and Fridovich 8344-8349).  Moreover, other soft ionic metals, such as silver, 
mercury, cadmium, and zinc, that are not redox-active, also damage cytoplasmic 
dehydratases and inhibit bacterial cell growth (Xu and Imlay 3614-3621).  Additionally, 
dry, metallic copper surfaces rapidly and efficiently kill bacteria (Santo et al. 794-802).  
E. coli contact with copper surfaces caused rapid cellular membrane damage and loss of 
cellular integrity, but did not cause DNA damage (Santo et al. 794-802).  While copper 
ions damage exposed dehydratase iron-sulfur clusters in vitro and in vivo, cells exposed 
to dry copper surfaces do not replicate (Xu and Imlay 3614-3621), so dehydratases 
required for cellular metabolism are not likely targets for toxicity on dry copper surfaces 
(Santo et al. 794-802).  Furthermore, supplementation with oxidative stress protectants, 
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such as catalase, superoxide dismutase, or the hydroxyl radical quencher mannitol, 
delayed killing of E. coli cells on dry copper surfaces (Santo et al. 794-802).  
1.4.6 Zinc, zinc oxide, and zinc nanoparticles – mechanism of antibacterial action 
Zinc is known to have antibacterial properties, although the precise functional 
mechanism is unknown. Zinc oxide and zinc oxide nanoparticle suspensions produce 
ROS, particularly hydroxyl radicals, hydrogen peroxide, and singlet oxygen, which are 
thought to contribute to antibacterial activity (Xia et al. 2121-2134; Yang et al. 69-78; 
Franklin et al. 8484-8490; Zhang et al. 1625-1636; Lipovsky et al. 15997-16001; 
Stoimenov et al. 6679-6686; Jones et al. 71-76; Sawai 177-182).  Zinc oxide 
nanoparticles killed Campylobacter jejuni, disrupted the cell membrane, and induced 
expression of two oxidative stress genes (katA and ahpC) and a general stress response 
gene (dnaK) (Xie et al. 2325-2331).  However, Raghupathi et al (Raghupathi, Koodali, 
and Manna 4020-4028) exposed S. aureus to zinc oxide nanoparticles for 1 h and 
reported minimal or no increased expression of S. aureus ROS-responsive genes, 
suggesting that other mechanisms may contribute to zinc-mediated antibacterial activity.  
Additional studies indicated that zinc oxide damages the E. coli cell membrane, leading 
to intracellular zinc accumulation and growth inhibition (Zhang et al. 1625-1636; Brayner 
et al. 866-870) and that zinc oxide nanoparticles bind to the cellular surface and kill 
bacteria directly via electrostatic forces (Stoimenov et al. 6679-6686; Feris et al. 4429 - 
4436).  Although millimolar levels of zinc did not inhibit E. coli growth, micromolar 
concentrations of zinc decreased fumarase activity by damaging iron-sulfur clusters (Xu 
and Imlay 3614-3621).  Unlike silver- and copper-mediated damage to iron-sulfur 
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clusters of dehydratases, fumarase damage caused by zinc was reversible upon the 
addition of ferrous iron and dithiothreitol (Xu and Imlay 3614-3621).  In Streptococcus 
pneumoniae, zinc competes with manganese for binding to PsaA, a protein that transports 
manganese into the cell to manage oxidative stress (McDevitt et al. e1002357).  PsaA-
zinc complexes were thermally stable, resulted in decreased manganese uptake, and 
inhibited S. pneumoniae growth in vitro.  Additionally, cells with stable PsaA-zinc 
complexes were more sensitive to oxidative stress and more susceptible to killing by 
polymorphonuclear leukocytes (McDevitt et al. e1002357).  
1.4.7 Biomedical applications of metal ions and metal compounds 
Some common clinical uses of silver include i) topical silver sulfadiazine to 
prevent burn wound infections (although a recent systematic review reported that topical 
silver-containing dressings showed significantly worse healing time compared to controls 
and showed no evidence of effectiveness in preventing wound infections) (Aziz, Abu, 
and Chong 307-318); ii) silver alloy-coated urinary catheters to prevent bacteriuria 
(James R. Johnson, Michael A. Kuskowski, and Timothy J. Wilt 116); and iii) 
chlorhexidine- and silver sulfadiazine-impregnated central venous catheters to prevent 
catheter colonization and bloodstream infections (Veenstra, Saint, and Sullivan 554-560). 
Until antibiotics became commercially available, inorganic copper formulations were 
used to treat chronic adenitis, eczema, impetigo, scrofulosis, tubercular infections, lupus, 
syphilis, anemia, chorea, and facial neuralgia (Dollwet and Sorenson 80-87).  The spread 
of antibiotic-resistant bacteria in health care facilities has stimulated a renewed interest in 
copper and copper alloys as the basis of self-sanitizing, solid antimicrobial material 
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(Grass, Rensing, and Solioz 1541-1547). Therapeutic uses of zinc include i) topical 
application of zinc oxide to promote wound healing and prevent infection (Lansdown et 
al. 2-16; Agren 1-36), ii) zinc supplementation as an adjunct to oral rehydration therapy 
for the treatment of acute diarrhea (Sazawal et al. 839-844; Agren 1-36), iii) ionic zinc 
nasal gel application for shortening the duration of common cold symptoms (when 
administered within 24 h of symptoms) (Hirt, Nobel, and Barron 778), and iv) oral zinc 
acetate or zinc gluconate lozenges or syrup, when administered within 24 h of symptoms, 
for reducing duration and resolving symptoms of the common cold.  While the beneficial 
effects of zinc lozenges vary among controlled trials, a 2011 Cochrane review revealed 
evidence indicating that zinc lozenges are efficacious in the treatment of the common 
cold (Marshall 1037-1042; Singh and Das CD001364).  Given that desorbed, 
exchangeable copper and zinc are involved in the in vitro activity of microbicidal clays 
(Otto and Haydel e64068), investigating and generating chemically-modified clays could 
be valuable in biomedical applications.  
1.5 Generation of chemically-modified clays to serve as antibacterial agents 
1.5.1 Metal ion-exchanged clays 
While some natural clays are antibacterial (Haydel, Remenih, and Williams 353 - 
361; Williams et al. 437 - 452; Cunningham et al. e9456), much of the research 
associated with antibacterial clay minerals has focused upon ion-exchanged clays.  Zhao 
et al (Zhao, Zhou, and Liu 161-170) successfully ion-exchanged a phyllosilicate clay 
mineral, palygorskite, with copper and silver, respectively, without significantly altering 
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the physical clay structure.  In vitro studies have shown that mixing the ion-exchanged 
palygorskite in an aqueous suspension resulted in complete killing of E. coli and S. 
aureus and adsorption of the bacterial cells to the clay surface (Zhao, Zhou, and Liu 161-
170).  Xia et al (Xia, Hu, and Xu 307-317) evaluated the in vivo effects of copper-
exchanged montmorillonite (Cu-MMT) on the growth performance, intestinal microflora, 
and morphology of weanling pigs.  Their results showed that supplementation with Cu-
MMT improved growth performance of the pigs and reduced the total viable counts of 
intestinal Clostridium and E. coli, whereas supplementation with MMT or copper sulfate 
alone had no effect on growth performance or intestinal microflora as compared with the 
basal diet-only control (Xia, Hu, and Xu 307-317). 
1.5.2 Nanoparticle-exchanged clays 
As a layered phyllosilicate, montmorillonite clay harbors intercalation, swelling, 
and ion exchange properties (Ahmad et al. 1909-1914).  Therefore, the montmorillonite 
interlayer space can serve as a support for transition metal-nanoparticle synthesis and as 
an adsorptive layer for cation deposition (Gao and Yu 5083-5087; Wang et al. 3067-
3072).  Shameli et al (Shameli et al. 271-284) exploited these characteristics to synthesize 
silver nanoparticles in the external and interlamellar space of montmorillonite clay and 
investigated the effect of several different sizes of silver nanoparticles on antibacterial 
activity.  While the montmorillonite interlayer space was minimally affected by the 
different sized silver nanoparticles, the smaller-sized silver nanoparticle-montmorillonite 
composites exhibited significantly higher antibacterial activity against S. aureus, 
MRSA, E. coli, E. coli O157:H7, and Klebsiella pneumoniae (Shameli et al. 581-590). 
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Bagchi et al (Bagchi et al. 358-365) successfully exchanged montmorillonite clay 
with copper nanoparticles and performed antimicrobial susceptibility studies.  After 12 h 
exposures, the copper nanoparticle-exchanged montmorillonite exhibited antimicrobial 
activity against E. coli, S. aureus, P. aeruginosa, and Enterococcus faecalis.  To 
determine if these copper nanoparticle-clay composites displayed cytotoxic effects on 
eukaryotic cells, two different human cell lines were exposed to composite concentrations 
greater than the determined minimal bactericidal concentration for the microorganisms 
studied.  The copper nanoparticle-loaded montmorillonite clay displayed minimal adverse 
effects on the two eukaryotic cell lines, thus demonstrating promise for the use of clays in 
therapeutic and medicinal applications (Bagchi et al. 358-365). 
1.5.3 Nitric oxide-releasing, zinc-exchanged zeolite 
Nitric oxide (NO) is synthesized throughout the body by endothelial cells, 
macrophages, neutrophils, fibroblasts, and keratinocytes. NO serves as an intercellular 
messenger and as a toxic defense molecule for nonspecific immune responses to 
infectious pathogens (Sasaki et al. 1017-1022).  Physiologically, NO also plays a key role 
in wound healing with beneficial effects attributed to angiogenesis, inflammation, cell 
proliferation, matrix deposition, and remodeling (Luo and Chen 259-259).  NO-related 
antimicrobial activity has been demonstrated in vitro against a broad range of pathogenic 
microorganisms, including viruses, bacteria, fungi, and parasites (De Groote and Fang 
S162-S165).  Continuous exposure to 160 ppm gaseous NO for 5 h caused an 84% and 
98% reduction of P. aeruginosa and S. aureus viability, respectively (Narin, Albayrak, 
and Ülkü 560-568).  However, since NO is an extremely reactive gas, it is difficult to 
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administer for therapeutic purposes.  Therefore, recent research has focused on the 
development of suitable vehicles for NO storage and delivery (Narin, Albayrak, and Ülkü 
560-568).  Fox et al. (Fox et al. 1515-1521) recently demonstrated in vitro bactericidal 
activity of NO-releasing, zinc-exchanged zeolite against P. aeruginosa, S. aureus, 
MRSA, and Clostridium difficile.  The NO-loaded Zn2+-exchanged zeolite exhibited 
significantly higher bactericidal activity as compared to the NO-free Zn2+-exchanged 
zeolite and thus, the observed bactericidal effect was associated with the release of high 
concentrations of NO (Fox et al. 1515-1521). 
1.5.4 Clays modified to deliver antimicrobials 
Clays have been further manipulated to serve as topical delivery agents for 
various antimicrobial products.  Zinc is an essential trace element that plays a significant 
role in wound management (Pories et al. 432-436; Lansdown et al. 2-16).  Topical 
application of zinc oxide promotes wound healing by enhancing autodebridement and 
epithelialization and decreasing inflammation and bacterial growth (Lansdown et al. 2-
16; Agren 1-36).  The administration of zinc reduces or delays the development of 
erythromycin resistance by Propionibacterium acnes, the normal flora bacterium 
commonly implicated in acne vulgaris, folliculitis, and other skin disorders (Holland et 
al. 505-509).  Since erythromycin is unstable in solution and insoluble in water 
(Vandenbossche et al. 195-199; Brisaert, Heylen, and PlaizierVercammen 182-186), 
various strategies to improve the stability of the macrolide antibiotic in solution have 
been proposed.  Chemical manipulation of an inorganic material could serve as a carrier 
for erythromycin and zinc and an exchangeable medium that would promote stability.  
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Cerri et al (Cerri et al. 141-150) exchanged a natural zeolite with inorganic Zn2+ and 
subsequently charged the micronized composite with erythromycin to investigate its 
antimicrobial efficacy against erythromycin-resistant Propionibacterium strains.  HPLC 
determinations showed that 85% of the drug contacted with the carrier was loaded, and 
the simultaneous release of zinc and erythromycin was demonstrated with 82% percent of 
the loaded antibiotic being released after 30 min (Cerri et al. 141-150). After 3 h of 
contact within a suspension of the zinc-carrier-erythromycin system, a 99.5% reduction 
in P. acnes viability was observed, compared to an erythromycin solution which reduced 
P. acnes viability by ~40% (Bonferoni et al. 95-102).  While delivery of the antimicrobial 
is important for treating cutaneous bacterial infections, the ability of the clays to 
physically adsorb and remove bacterial cells, toxins, and debris from the wound may 
provide additional benefits in regards to wound healing. 
1.6 In vivo applications and mode of action of natural and modified clays 
Existing anecdotal evidence from historical practices supports the in vivo use of 
hydrated clay minerals for the treatment of cutaneous bacterial infections (World Health 
Organization ).  Data demonstrating the in vitro antibacterial activity of clays and clay 
mixtures complement the historical observations; however, further studies are needed to 
assess the in vivo efficacy, practical use, and safety of microbicidal clay applications.  
While studies have been conducted to characterize the in vitro mechanism of action 
(Cunningham et al. e9456; Otto et al. 1-13), it is entirely possible that the in vivo 
mechanism of action is different and that the beneficial effects associated with wound 
healing are independent of in vitro antibacterial activity. 
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1.6.1 Clay dietary supplements 
Multiple studies have confirmed the decontaminating and detoxifying properties 
of clay minerals. Aflatoxins belong to a group of naturally-occuring, potent toxins of 
fungal origin.  These toxins, produced by fungi in or on food and feeds, have been 
implicated in death and disease in humans, domestic animals, and livestock (Cole and 
Cox 1-66; CAST (Council for Agricultural Science and Technology) 1-91).  Schell et al 
(Schell et al. 1226-1231) demonstrated that feeding certain clays to recently weaned 
piglets can effectively prevent some of the negative effects associated with aflatoxin-
contaminated food products. In this study, piglets fed aflatoxin-contaminated corn and 
calcium bentonite had the highest average daily gains as compared to pigs fed aflatoxin-
contaminated corn and other clays.  In contrast, pigs fed aflatoxin-contaminated corn and 
a hydrated sodium calcium aluminosilicate showed intermediate levels of performance, 
while the performance of pigs that were fed aflatoxin-contaminated corn and the 
palygorskite remained poor.  These data demonstrate that the inclusion of particular clays 
with an aflatoxin-contaminated diet promotes marked improvements in performance 
(Schell et al. 1226-1231).  Since clays bind aflatoxin in aqueous solution (Phillips, Sarr, 
and Grant 204-213), it is presumed that the in vivo mechanism of the clay is to bind the 
toxin and prevent intestinal absorption of the toxin, thereby generating a prophylactic 
effect (Schell et al. 1226-1231). 
1.6.2 Clay-mediated physical adsorption of toxins 
Phillips et al (Phillips, Sarr, and Grant 204-213) demonstrated the in vitro 
chemisorption of aflatoxin to different clay minerals, with the adsorption capacities and 
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the stability of the aflatoxin-clay adsorption complex exhibiting marked variabilities.  
The authors proposed that the in vivo mechanism of detoxification is due to the selective 
chemisorption of the clays to the aflatoxin in the gastrointestinal tract, resulting in a 
clinically significant decrease in toxin bioavailability and  diminished aflatoxicosis in 
young animals (Phillips, Sarr, and Grant 204-213).  Since these minerals do not display in 
vitro antibacterial activity, the positive in vivo outcome is likely due to the physical 
activity of the clays rather than the desorption of an unrealized antimicrobial component.  
Afriyie-Gyawu et al (Afriyie-Gyawu et al. 259-269) evaluated the long-term toxicity 
effects of NovaSil clay, a common anti-caking agent in animal feeds, by feeding rats the 
clay over the course of 28 weeks.  No overt toxic effects were observed, even at the 
highest administered dosage (2% w/w), supporting the safety of in vivo use of clays to 
detoxify toxin-related diseases (Afriyie-Gyawu et al. 259-269).  Weese et al (Weese, 
Cote, and deGannes 638-641) performed in vitro assays to demonstrate the binding of C. 
difficile toxins A and B and Clostridium perfringens enterotoxin by a smectite clay. 
While bacterial growth was present in the positive control (bacteria and clay) 
experiments, no bacterial growth occurred during metronidazole and smectite co-
incubations, indicating that smectite had no adverse effect on the bactericidal activity of 
metronidazole (Weese, Cote, and deGannes 638-641).  Combined, these data indicate that 
the prophylactic in vivo mechanism of action is due to the physical adsorption of toxins 
rather than antimicrobial activity.   
Clays have also been employed to counteract poisons and chemical warfare 
toxins.  Paraquat and diquat are non-selective, highly toxic herbicides widely used in 
agriculture for weed control.  While these toxic chemicals can damage the skin, paraquat 
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or diquat ingestion causes life-threatening effects on the gastrointestinal tract, kidney, 
liver, heart, and other organs and is often fatal.  Treatments that will counter the fatal 
outcome of paraquat or diquat ingestion include immediate gastrointestinal 
decontamination via administration of Fuller’s Earth (an attapulgite clay), bentonite clay, 
or activated charcoal (Alvin and J.B. Sullivan 1092-1108).  Tsai and Lai (Tsai and Lai 
144-148) demonstrated the high adsorption affinity of paraquat to clay, and the in vivo 
efficacy of clay-paraquat adsorption was confirmed by Idid and Lee [114] in an animal 
study.  The World Health Organization also recommends the use of clays as adsorbents 
for exposure to chemical warfare agents, such as mustard gas. 
1.6.3 Wound debridement 
Debridement is the removal of devitalized tissue, particulate matter, or foreign 
materials from a wound and is often the first goal of wound care.  Debridement can be 
accomplished surgically, chemically, mechanically, or by means of autolysis (Fowler and 
van Rijswijk 23S-35S; discussion 36S).  Clay minerals represent a potential therapeutic 
for use as a mechanical debridement tool due to their physical adsorptive properties.  
However, limited scientific data and no controlled clinical trials exist to assess the use of 
clays for wound debridement.  As described above, topical application of two different 
hydrated iron-rich illite and montmorillonite clays have been used to treat M. ulcerans 
infections (in uncontrolled trials).  A humanitarian carefully observed and documented 
the debridement of the Buruli ulcer wounds, recording “that seeing, with your own eyes, 
the débridement of the ulcer while it is taking place, in all its phases, is very enlightening, 
particularly when accompanied by regeneration of tissue in other areas of the ulcer (a 
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phenomenon which happens frequently with this method of treatment)” (World Health 
Organization ).  Data and observations collected thus far suggest that the therapeutic in 
vivo mechanism of action, whether clays are ingested or applied topically, is due to the 
physical, adsorptive properties of the minerals.  However, future studies and controlled 
trials are needed to define the precise in vivo mechanism(s) of action and to validate the 
wound debridement observations. 
1.7 Future perspectives and considerations 
1.7.1 Safety precaution – consumption 
The US Food and Drug Administration (FDA) lists bentonite and kaolinite clays 
as “generally recognized as safe (GRAS)” products.  Therefore, these products are not 
subject to premarket review and approval by the FDA because it is generally recognized, 
by qualified experts, to be safe under the intended conditions of use regulated by the 
FDA.  However, the use of clays for therapeutic applications does not come without 
potential negative health consequences.  Consumption of geophagic clayey soils, for 
example, has been associated with nematode infections (Glickman et al. 169-174), 
anaemia, microbial infections, helminthiasis, intestinal obstruction, dental abrasion, and 
heavy metal poisoning (Geissler et al. 7-11; Kawai et al. 36-43; G. E. Ekosse 7302-7313).   
1.7.2 Safety precaution – consistency 
While natural clays hold great potential as topical antibacterial or therapeutic 
agents, not all clays have equivalent in vitro antibacterial activity. Otto and Haydel (Otto 
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and Haydel e64068) collected four independent natural clay samples from the same 
source that produced one of the aforementioned antibacterial clay mixtures (Cunningham 
et al. e9456).  While the four clay mixtures were nearly mineralogically identical, only 
two of the four samples demonstrated in vitro antibacterial activity against E. coli and 
MRSA (Otto and Haydel e64068).  More stringent analyses demonstrated that the 
variability in the in vitro antibacterial activity of the clay mixtures was due to varying 
concentrations of exchangeable metal ion species on the surface of the minerals.  The 
authors assert that because of this variability across natural mineral samples and the 
correlated variability in antibacterial activity, efforts must be taken to standardize the 
composition and antibacterial efficacy of clays if these clay mixtures or developed clay 
minerals are to be used therapeutically against topical bacterial infections (Otto and 
Haydel e64068).   
1.7.3 Safety precaution – heavy metal exposure 
Because clays can bind metal cations, safety precautions must be taken to 
minimize the  potential exposure to toxic metal ions.  Exposure or ingestion of large 
amounts of some metals, such as arsenic, cadmium, lead, and mercury, can cause acute 
and chronic toxicity and impose significant damage to the human body.  The European 
Pharmacopea (European Pharmacopeia 1429) requires that pharmaceutical clay 
preparations have ≤50 ppm heavy metals; however, the FDA does not specify any such 
requirements.  Furthermore, because clays are a GRAS product, minimal regulation of 
natural therapeutic clays exists to minimize exposure to toxic metal ions.  Tateo et al 
(Tateo et al. 83-94) showed that ions, specifically Li, Sr, B, I, Rb, Br, Ba, Na, Cl, Se, and 
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Ca, bound to pelotherapy clays were released from the mineral surface and penetrated 
human skin.  Mascolo et al (Mascolo, Summa, and Tateo 23-28) fed mice one of three 
different clay samples and detected increased levels of arsenic, nickel, and selenium in 
urine samples, thus indicating that desorptive processes occur after clay ingestion.  While 
some elements are essential, caution must be taken to ensure that the desorbed ion 
concentrations do not reach hazardous levels.  Furthermore, precautions must be taken to 
characterize clays used for therapeutic applications with the goal of minimizing exposure 
to toxic ions. 
In a 2008 study, Ferrell (Ferrell 751-751) described traditional clay geophagy 
practices in Chimayo, New Mexico.  In this study, various clays were exposed to 0.12 M 
HCl, a pH environment similar to that of the human stomach, to determine the 
concentrations of different ions extracted from the clays.  Data from this study 
demonstrated that in this highly acidic environment, the concentrations of sodium, 
chromium, antimony, and arsenic exceeded the recommended daily dietary intake values.  
As a result, long-term, daily consumption of clays could potentially lead to heavy metal 
toxicity.  Furthermore, excessive intake of clays can lead to intestinal obstructions, which 
may require surgery to remove the obstruction and sections of the damaged intestine 
(Ferrell 751-751; Voinot et al. 565-576).  To circumvent these potential health problems, 
it was recommended that safety precautions be established to minimize these negative 
potential health concequences of geophagy (Ferrell 751-751). 
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1.7.4  Potential therapeutic and prophylactic applications 
Numerous potential applications exist for antibacterial clay minerals.  For human 
clinical therapeutic applications, clays could be employed to treat acne vulgaris caused by 
P. acnes, skin infecions caused by S. aureus or MRSA, P. aeruginosa infections in burn 
victims, or as a cover for diabetic skin ulcers, just to name a few.  However, because data 
thus far has demonstrated that the in vivo therapeutic activity of clay minerals is largely 
due to the physical adsorptive nature of clays, the breadth of applications extends beyond 
antimicrobial applications.  However, as mentioned above, the safety and efficacy must 
be tested and guaranteed prior to implementation in therapeutic applications.  The 
majority of in vivo applications of clay minerals have been investigated for agricultural 
purposes, with clays yielding positive therapeutic or prophylactic effects as food 
supplements or as litter additives.  Given appropriate efficacy testing, natural or 
chemically-modified clays have great potential for continued use in the agricultural 
industry. 
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CHAPTER 2 
Effects of antibacterial mineral leachates on the cellular ultrastructure, 
morphology, and membrane integrity of Escherichia coli and methicillin-resistant 
Staphylococcus aureus 
 
This chapter was published in an altered format in Annals of Clinical Microbiology and 
Antimicrobials (Otto et al, 2010). 
 
2.1 Abstract 
We have previously identified two mineral mixtures, CB07 and BY07, and their 
respective aqueous leachates that exhibit in vitro antibacterial activity against a broad 
spectrum of pathogens.  The present study assesses cellular ultrastructure and membrane 
integrity of methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli 
after exposure to CB07 and BY07 aqueous leachates. 
We used scanning and transmission electron microscopy to evaluate E. coli and 
MRSA ultrastructure and morphology following exposure to antibacterial leachates.  
Additionally, we employed Baclight LIVE/DEAD staining and flow cytometry to 
investigate the cellular membrane as a possible target for antibacterial activity.   
Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) imaging of E. coli and MRSA revealed intact cells following exposure to 
antibacterial mineral leachates.  TEM images of MRSA showed disruption of the 
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cytoplasmic contents, distorted cell shape, irregular membranes, and distorted septa of 
dividing cells.  TEM images of E. coli exposed to leachates exhibited different patterns of 
cytoplasmic condensation with respect to the controls and no apparent change in cell 
envelope structure.  Although bactericidal activity of the leachates occurs more rapidly in 
E. coli than in MRSA, LIVE/DEAD staining demonstrated that the membrane of E. coli 
remains intact, while the MRSA membrane is permeabilized following exposure to the 
leachates. 
These data suggest that the leachate antibacterial mechanism of action differs for 
Gram-positive and Gram-negative organisms.  Upon antibacterial mineral leachate 
exposure, structural integrity is retained, however, compromised membrane integrity 
accounts for bactericidal activity in Gram-positive, but not in Gram-negative cells. 
2.2 Background 
With the advent of antibiotics in the early 20th century, morbidity and mortality 
from bacterial infections were dramatically reduced in the industrialized world.  In recent 
decades, these advances have been tempered by the rapid, widespread emergence of 
microorganisms that are resistant to multiple, commonly used antibiotics (Chastre 3-14).  
As our arsenal of effective antibiotics is diminishing, the pursuit of novel therapeutic 
agents is becoming progressively more urgent.   
Minerals have been utilized in traditional medicine for centuries as topical 
treatments for cutaneous wounds, digestive treatments for gastrointestinal ailments, 
nutritional supplements, and for removal of toxins from the body (Carretero 155-163; 
Ziegler 609 - 611; Vermeer and Ferrell 634-636).  Traditionally, the mechanism of 
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mineral-based healing activities has been attributed to physical properties, such as the 
expansive surface area and resulting highly adsorptive properties of clays present in the 
mixtures (Carretero 155-163). 
Recently, various mineral products marketed for their health benefits have been 
investigated for their potential antimicrobial properties (Cunningham et al. e9456; 
Haydel, Remenih, and Williams 353 - 361; Mpuchane et al. 547–557; Falkinham et al. 
2735-2741).  However, only a small number of clay products have been shown to be 
antibacterial and the mechanism of antibacterial activity has been elucidated for very few 
of these products (Falkinham et al. 2735-2741).  Falkinham et al. (Falkinham et al. 2735-
2741) attributed the antibacterial effects of Jordan’s red soils to bacteriocins produced by 
bacteria present in the clays.  It was hypothesized that application of the red soil to an 
infected area of the skin allowed the inherent organisms to proliferate, produce 
bacteriocins, and thus kill the infectious pathogens (Falkinham et al. 2735-2741).  
Mpuchane et al. (Mpuchane et al. 547–557; Mpuchane et al. 27-41) tested a total of 102 
clays from South Africa and determined that only nine of these clay samples had 
antibacterial activity. The antibacterial properties of these South African medicinal clays 
were attributed to the low pH environment of the hydrated mineral suspensions (pH < 4), 
and it was further postulated that metal cations could contribute to toxicity (Mpuchane et 
al. 547–557; Mpuchane et al. 27-41).  While Mpuchane et al. (Mpuchane et al. 27-41) 
determined that nine clays had antibacterial properties, none of the clays specifically sold 
for use against bacterial infections had antibacterial activity.  Therefore, it is essential to 
scientifically validate the efficacy of these mineral products prior to use in a clinical 
setting. Clay minerals are excellent adsorbent materials due to their small particle size 
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(<2 µm), stable layered structure, and high cation exchange capacity (Bhattacharyya and 
Gupta 114-131).  In a pH-dependent manner, exchangeable cations can bind to the clay 
surface, balancing the negative charge of the clay structure.  In hydrated suspensions, the 
adsorbate can then be released into the aqueous solution, varying the cationic 
composition of the solution (Bhattacharyya and Gupta 114-131; Velde 8-33).  These 
released metal ions are known to have toxic effects on bacteria by competing with 
essential enzyme cofactors, irreversibly binding biological molecules to inhibit function, 
replacing ions essential to membrane stabilization, and inducing DNA mutations 
(Beveridge and Doyle 461; Lee et al. 406-411; Mitra and Bernstein 75-80; Wang, Hung, 
and Shammas ; Ercal, Gurer-Orhan, and Aykin-Burns 529-539).  For example, metal 
cations, such as iron, copper, and chromium, have been implicated in production of 
elevated levels of reactive oxygen species which can lead to DNA damage, lipid 
peroxidation, protein oxidation, and eventual cell death (Ercal, Gurer-Orhan, and Aykin-
Burns 529-539; Imlay, Chin, and Linn 640-642; Asad and Leitao 2562-2568).  Metal ion 
toxicity varies with pH and appears to be related to changes in ion species that occur as 
the pH is adjusted (Beveridge and Doyle 461; Wang, Hung, and Shammas ; Worden et al. 
58-64).  These alterations in toxicity are due to the relative abilities of the ion species to 
bind cell surfaces and exert their effects (Beveridge and Doyle 461). 
In a prior study, we identified two mineral mixtures, arbitrarily designated BY07 
and CB07, that exhibit antibacterial activity (Cunningham et al. e9456).  From these 
mineral mixtures, we prepared aqueous leachates that contain metal ions released from 
the clay minerals, but are absent of all solid particles.  These leachates retain antibacterial 
activity, establishing that the mechanism of action is dependent on chemical, not physical 
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interactions (Cunningham et al. e9456).  Further investigations revealed that the 
antibacterial activity of BY07 and CB07 mineral mixtures is related to the pH-dependent 
bioavailability of toxic metal ions in a low pH environment (Cunningham et al. e9456). 
While we have discovered that pH-dependent ion toxicity mediates CB07 and BY07 
antibacterial activity, further investigations must be performed to fully understand the 
precise mechanism of action.  In this study, we assessed whether cell lysis occurs in E. 
coli and MRSA cells during leachate exposure and investigated cellular membrane 
integrity as a possible mechanism of action of the aqueous leachates. 
2.3 Methods 
2.3.1 Bacterial strains and growth conditions 
E. coli ATCC 25922, obtained from the American Type Culture Collection, and 
MRSA, obtained from Sonora Quest Laboratories (Tempe, AZ, USA), were used for all 
studies as previously described (Haydel, Remenih, and Williams 353 - 361).  E. coli was 
grown on Luria-Bertani (LB) agar or in LB broth, and MRSA was grown on trypticase 
soy agar (TSA) or in trypticase soy broth (TSB).  Both bacterial strains were grown at 
37°C with gentle rotary mixing.  
2.3.2 Mineral leachate preparation 
Mineralogical and major chemical characterization of the CB07 and BY07 
mineral mixtures has been previously described (Cunningham et al. e9456). Briefly, the 
CB07 mineral is primarily composed of quartz (45.5%), illite (19.8%), and calcium 
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smectite (17.2%), while the BY07 mineral primarily consists of calcium smectite 
(37.3%), anorthoclase feldspar (23.0%), and quartz (13.7%) (Cunningham et al. e9456).  
Major oxide chemical analyses reveal that CB07 and BY07 are primarily composed of 
silicon, aluminum, iron, calcium, sodium, potassium, and sulfur (Cunningham et al. 
e9456).  Leachates of CB07 and BY07 mineral samples were prepared as previously 
described (Cunningham et al. e9456).  Briefly, 1 g of autoclaved minerals was vigorously 
agitated in 20 mL of UV-irradiated, ultrapure, deionized H2O (dH2O) for 18 – 24 hours at 
room temperature.  The suspension was centrifuged at 31,000 × g for 3 h to remove the 
remaining insoluble minerals and then sterilized by passage through a 0.22 µm filter.   
2.3.3 Antibacterial susceptibility testing of mineral leachates  
E. coli and MRSA exponential phase cultures were prepared by diluting overnight 
cultures into fresh growth medium to a concentration of 107 CFU/mL and continuing 
growth at 37°C with gentle rotary mixing until the cultures reached mid-logarithmic 
phase of growth.  Bacterial cells were collected by centrifugation, washed once in 
phosphate-buffered saline (PBS), and suspended in the appropriate leachate solution or 
sterile dH2O at an initial concentration of 107 CFU/mL.  Initial CFU concentrations were 
confirmed by plating the control bacterial population and enumerating colonies after 24 h 
incubation at 37°C.  Due to experimental sample processing, the 0 h experimental 
exposure times were ~ 3 min.  Experimental samples were incubated at 37°C with gentle 
rotary mixing for a specified time, and cell survival was determined by plating duplicate 
10-fold serial dilutions for each sample at appropriate time points and enumerating 
colonies on plates after 24 h incubation at 37°C. 
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2.3.4 Scanning electron microscopy (SEM) 
Bacterial cells were prepared for SEM as described above, with the exceptions 
that cultures were collected at late logarithmic phase of growth and initial concentrations 
were 108 CFU/ml.  Following 24 h exposure to the leachates, washed cells were 
inoculated onto poly-L-lysine-coated coverglass and allowed to adhere for 5 min at room 
temperature.  After washing the slide in 50 mM sodium phosphate buffer, pH 7, the cells 
were chemically crosslinked onto the slide in 2% gluteraldehyde (buffered in 50 mM 
sodium phosphate, pH 7).  The immobilized cells were then fixed in 2% osmium 
tetroxide for 15 min at room temperature, washed three times in 50 mM sodium 
phosphate buffer, and dehydrated in 5 min washes in a sequential acetone series (20%, 
40%, 60%, 80%, 3× 100%).  The samples were critical point dried in a Balzers 020 
critical point dryer, attached to aluminum mounting stubs, sputter coated with gold-
palladium, and imaged with an XL30 Environmental field emission gun SEM.  A 
minimum of 200 cells were counted from each of three independent replicates. 
2.3.5 Transmission electron microscopy (TEM) 
E. coli and MRSA exponential phase cultures were prepared as described above 
for SEM with an initial concentration of 108 CFU/mL.  Following 24 h exposure to the 
leachates, cells were fixed in 2% gluteraldehyde buffered in 50 mM phosphate, pH 7 for 
2 h at room temperature.  The cells were then washed in 50 mM phosphate and 
resuspended in 1% agarose (final concentration).  The agarose-embedded cell pellets 
were fixed in 2% osmium tetroxide (buffered in 50 mM phosphate) for 2 h at room 
temperature, washed three times in 50 mM phosphate buffer, washed three times in 
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dH2O, and en bloc stained in 0.5% uranyl acetate overnight at 4°C.  The pellets were 
dehydrated in 10 min washes with a sequential acetone series (20%, 40%, 60%, 80%, 3× 
100%) and infiltrated with Spurr’s resin.  Thin sections (70 nm) were cut using an 
Ultracut R ultramicrotome (Leica Microsystems, Vienna, Austria). Sections were 
captured on formvar-coated, 300-mesh copper grids, post-stained in uranyl acetate and 
Sato’s lead citrate, and observed on a Philips CM12 TEM at 80 kV.  A minimum of 60 
cells were counted from each of three independent replicates. 
2.3.6 Flow cytometric measurements 
To evaluate the membrane integrity of E. coli and MRSA following exposure to 
the leachates, the BacLight LIVE/DEAD membrane permeability kit (Invitrogen, 
Carlsbad, CA, USA) was used following the manufacturer guidelines.  E. coli and MRSA 
mid-logartithmic phase cultures were prepared as described above and harvested at an 
initial concentration of 108 CFU/mL.  A standard curve was prepared by mixing live 
(0.85% saline-exposed) cells and dead (40% isopropanol-exposed) cells together at 
various proportions of live:dead cells (100%, 75%, 50%, 25%, 0% alive).  Following 
exposure to the leachates or control conditions, cells were incubated in 5 µM SYTO9 and 
30 µM propidium iodide (PI) for 15 min in the dark and then immediately subjected to 
flow cytometric analysis.  E. coli cells were analyzed following 1 h exposure to CB07 
leachate (CB07-L) and 6 h exposure to BY07 leachate (BY07-L), while MRSA cells 
were analyzed following 15 h exposure to either CB07-L or BY07-L.  These time points 
represent the exposure time required for bactericidal activity (≥ 99.9% killing) of the 
different leachates against the two cell types.  A Cytomics FC 500 flow cytometer 
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(Beckman Coulter, Inc., Brea, CA, USA) fitted with a 488 nm excitation laser was used 
for membrane permeability analyses.  Green fluorescence was detected on channel FL1 
with a 525 nm bandpass filter.  Red fluorescence was detected on channel FL3 with a 620 
bandpass filter.  Since the SYTO9 dye emits a strong signal at a wavelength of 600 nm, it 
overlaps with the PI emission (Stocks 189-195).  Therefore, membrane permeabilization 
is determined by a horizontal population shift that occurs down the green fluorescent 
intensity axis.  For each series of flow cytometric measurements, 50,000 cells were 
counted and analyzed. 
2.4 Results  
2.4.1 Antibacterial mineral leachates 
The effects of BY07-L and CB07-L on the growth of E. coli and MRSA were 
investigated by performing in vitro antimicrobial susceptibility experiments.  Bacteria, at 
initial concentrations of 107 CFU/mL, were incubated in BY07-L or CB07-L for 24 h 
prior to plating to determine viability.  Due to variable bactericidal activity of the 
leachates, it is essential to regularly test the antibacterial activity of the leachates. For 
example, we previously demonstrated that E. coli is completely killed by BY07-L after 
18 h (Cunningham et al. e9456).  However, in the present study, exposure to BY07-L 
completely killed E. coli after a 3 h incubation (Figure 2.1A).  E. coli viability was 
completely eliminated following 24 h exposure to both mineral leachates (Figure 2.1A).  
At the 0 h time point, E. coli and MRSA cell viability was consistently 1-log10 unit lower 
than the respective dH2O controls (Figure 2.1).   
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Figure 2.1: E. coli (A) and MRSA (B) survival in CB07 and BY07 mineral leachates for 
24 h.  Values represent the mean CFU and SD of at least three independent experiments.  
The dotted line represents the limit of CFU detection. 
 
Experimental processing, requiring approximately 3 min to complete, accounted for the 
initial decrease in cell viability and also demonstrated the rapid bactericidal activity of 
the two leachates.  With respect to the 6 h water control, MRSA exposure to CB07-L 
resulted in a > 1-log10 unit reduction in viability after 6 h (Figure 2.1B).  Alternatively, 
exposure to BY07-L for 6 h resulted in bactericidal activity (Figure 2.1B).  In both cases, 
MRSA viability was completely eliminated after 24 h (Figure 2.1B).  
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2.4.2 Scanning electron microscopy 
SEM and TEM were used to directly observe morphological and ultrastructural 
changes induced in E. coli and MRSA upon exposure to and killing by the BY07 and 
CB07 antibacterial leachates.  As shown in Figure 2.1A, E. coli was completely killed 
after 24 h exposure to BY07-L and CB07-L.  SEM images of E. coli showed that the cells 
did not lyse following exposure to the leachates (Figures 2.2G and 2.2I).  Enumeration of 
imaged cells revealed that > 99.0% of leachate-exposed cells remain intact and that 
damaged or lysed cells were only observed in < 1% of CB07-L- and BY07-L-exposed 
cells (Figure 2.3A).  SEM images of E. coli cells grown in LB broth showed a rough cell 
surface with discrete ridges (Figure 2.2A).  Leachate-treated (Figures 2.2G and 2.2I) E. 
coli cells also exhibited a rough cell surface with discrete ridges, while water-incubated 
(Figure 2.2C) and low pH buffer-treated (Figure 2.2E) E. coli cells had a wavy and 
smooth cell surface appearance.  Further, 30.7% of CB07-L-treated cells exhibited the 
appearance of membrane blebs, while 12.9% of BY07-L-treated cells had apparent blebs 
on the cell surface (Figure 2.3A).  Overall, both CB07-L- and BY07-L-treated E. coli 
cells maintained their rod shape with very few distorted cells (Figure 2.3A).  
As shown in Figure 2.1B, MRSA was completely killed after 24 h exposure to the 
leachates.  SEM images of MRSA demonstrated intact cells following exposure to CB07-
L and BY07-L (Figures 2.2H and 2.2J), with damaged or lysed cells observed in 2.5% 
and 6.8% of cells, respectively (Figure 2.3B).  MRSA cells incubated in water for 24 h 
showed flattened and distorted 
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Figure 2.2: SEM images of E. coli (A, C, E, G, I) and MRSA (B, D, F, H, J) after 24 h 
incubation in broth, dH2O, low pH buffer, CB07-L, or BY07-L.  Scale bar = 500 nm. 
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cells with membrane blebs (Figure 2.2D), while cells in broth and low pH buffer 
exhibited a smooth cell surface appearance (Figures 2.2B and 2.2F).  In contrast, 
following exposure to the leachates, the MRSA cell surface appeared rough, showed the 
appearance of membrane blebs, and had an increased abundance of extracellular debris 
(Figures 2.2H and 2.2J).  Further, 95.4% and 94.5%, respectively, of CB07-L- and BY07-
L-treated cells exhibited membrane blebs, while only 11.1% of cells grown in TSB 
showed blebbing (Figure 2.3B). 
2.4.3 Transmission electron microscopy 
TEM images of E. coli further confirmed that the cells remain intact following 
exposure to the leachates (Figures 2.4G, 2.4I, and 2.5A), indicating that cell lysis is not 
the antibacterial mechanism of action. TEM images of E. coli grown in LB for 24 h 
showed electron-dense regions (Figure 2.4A; white asterisk) and evidence of cytoplasmic 
condensation (Figure 2.4A).  The electron-dense regions are characteristic of E. coli cells 
grown into stationary phase and are likely due to the accumulation of glycogen inclusion 
bodies (Makinoshima et al. 1338-1345).  E. coli exposed to CB07-L and BY07-L 
displayed condensation of the cytoplasmic contents (Figures 2.4G and 2.4I; white 
arrowhead) in 97.0% and 81.4% of cells, respectively (Figure 2.5A).  Additionally, small 
(diameter of ~ 10 nm) electron-dense, deposited or cellular-based granules bound to the 
cell envelope were observed (Figures 2.4G and 2.4I; black arrowhead).  These granules 
were observed in 86.8% and 89.4% of cells exposed to CB07-L and BY07-L, 
respectively (Figure 2.5A).  Feng et al. (Feng et al. 662 - 668) reported similar electron-
dense granules in TEM following E. coli and MRSA exposure to silver ions,  
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Figure 2.3: TEM images of E. coli (A, C, E, G, I) and MRSA (B, D, F, H, J) after 24 h 
incubation in broth, dH2O, low pH buffer, CB07-L, or BY07-L.  Scale bar = 200 nm. 
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hypothesizing that silver toxicity is due to ions entering the cells and binding to 
sulfhydryl groups (Feng et al. 662 - 668).  Because the mineral leachates were generated 
using water (Cunningham et al. e9456), both E. coli and MRSA cells were exposed to 
dH2O to resolve the effects of prolonged water incubations on cellular viability.  
Following 24 h exposure to dH2O, E. coli viability was not significantly affected (Figures 
2.1A and 2.1B).  As evident in the TEM images, the effects of extended exposure of E. 
coli to dH2O were unremarkable, bearing similarity to the LB-exposed cells (Figures 
2.4A and 2.4C).  Non-uniform spacing between the E. coli cytoplasmic contents and cell 
envelope was observed in water-treated, broth-treated, and BY07-L- and CB07-L-treated 
cells (Figures 2.4A, 2.4C, 2.4G, and 2.4I).  TEM images of MRSA confirmed that the 
cells remain intact following exposure to the leachates (Figures 2.4H and 2.4J), indicating 
that cell lysis is not the antibacterial mechanism of action in Gram-positive cells.  
Enumeration of triplicate TEM sample images verified that 100% of leachate-exposed 
cells remain intact (Figure 2.5B).  Cytoplasmic disruption of MRSA (Figure 2.4H and 
2.4J; black arrows) following exposure to CB07-L and BY07-L was observed in 96.7% 
and 92% of cells, respectively (Figure 2.5B).  Possible disruptions in the cytoplasmic 
membrane (Figures 2.4H and 2.4J; white arrow) were observed in 67.3% and 89.0% of 
CB07-L- and BY07-L-treated cells, respectively (Figure 2.5B).  Cells with a distorted 
shape were also observed in triplicate samples of MRSA exposed to the mineral 
leachates.  When compared to the broth control, a decreased frequency of dividing cells 
was observed in leachate-exposed MRSA cells (Figure 2.5B).  Moreover, many of these 
leachate-exposed dividing cells showed evidence of a distorted septum (Figure 2.5B).  
Following 24 h exposure to dH2O, MRSA viability decreased by 1-log10 units (Figure  
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Figure 2.4: Frequency of characteristics observed in three independent replicates of TEM 
images of E. coli (A) and MRSA (B).  For each independent replicate, at least 60 cells 
were visualized and scored for the observed characteristic. 
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2.1B).  Water-exposed MRSA cells exhibited evidence of hypo-osmotic environmental 
stress through cell lysis, wavy cell envelope structures, and separation of cytoplasmic 
contents from the membrane (Figure 2.4D).  Notably, these ultrastructural alterations 
were not evident in the broth-exposed or leachate-exposed cells (Figures 2.4B, 2.4H, and 
2.4J), thus indicating that leachate-induced toxicity differs significantly from prolonged 
cell incubation in water. 
CB07-L and BY07-L generate low pH environments ranging between 3.3 – 3.7 
(Cunningham et al. e9456).  To evaluate the effects of the low pH on cellular 
ultrastructure, we exposed E. coli and MRSA to a 100 mM phosphate buffer at pH 3.6 to 
mimic the low pH environment of the leachates.  After 24 h exposure to low pH buffer, 
E. coli viability was reduced by 3-log10 units (Cunningham et al. e9456) as compared to 
the complete loss of viability observed after 24 h exposure to CB07-L and BY07-L 
(Figure 2.1A).  This maintenance of viability was expected since E. coli exhibits acid 
tolerance in order to facilitate passage through the low pH environment of the digestive 
tract (Lin et al. 4097-4104).  Low pH buffer-exposed E. coli displayed different patterns 
of cytoplasmic condensation from that of the leachate-exposed cells (Figures 2.4E, 2.4G, 
and 2.4I).  In contrast to E. coli, MRSA cells exposed to the low pH buffer for 24 h were 
killed completely (data not shown).  TEM images of low pH buffer-exposed MRSA cells 
revealed an even distribution of cytoplasmic contents (Figure 2.4F), similar to cells 
grown in broth (Figure 2.4B), demonstrating that the toxic effects induced by a low pH 
environment differ from that of the antibacterial leachates.  Images of low pH buffer-
exposed MRSA cells exhibited mesosome-like structures (Figure 2.4F; striped arrow), 
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however, this effect was only observed in the low pH buffer-exposed cells and was likely 
a processing artifact due to exposure to the low pH phosphate buffer. 
2.4.4 Membrane Permeability 
While electron microscopy (EM) provides useful insight into the mechanism of 
action of antibacterial agents, the resulting images are observational only.  Other 
techniques must, therefore, be used in tandem to verify the observations generated from 
the EM images.  Accordingly, we investigated the effects of BY07-L and CB07-L on the 
membrane permeability of E. coli and MRSA by using the BacLight LIVE/DEAD 
bacterial viability kit.  This assay uses two DNA intercalating dyes: green fluorescent 
SYTO9, which penetrates all membranes and red fluorescent propidium iodide (PI), 
which can only penetrate permeabilized membranes due to its large size and negative 
charge (Berney et al. 3283-3290).  Red fluorescence is produced in the membrane 
permeabilized cell by combined displacement of SYTO9 by PI and quenching of SYTO9 
emission by fluorescence resonance energy transfer (FRET) (Stocks 189-195). CB07-L 
and BY07-L rapidly kill higher concentrations of E. coli, with bactericidal activity 
occurring after 1 h and 6 h, respectively (Figure 2.6A).  Because membrane 
permeabilization can naturally occur following cell death, these time points were used as 
the minimum period of time required for bactericidal activity to directly evaluate the 
effects of the antibacterial leachates on E. coli membrane integrity.  Following 1 h 
incubation in LB broth, E. coli viability was assessed by CFU enumeration on agar plates 
and resulted in an average of 109 CFU/mL (Figure 2.6A).  Given that E. coli remains 
viable in broth, flow cytometric analysis resulted in an average of 99.9% of cells 
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Figure 2.5: E. coli (A) viability determined by CFU plate counts following 1 h exposure 
to CB07-L and BY07-L.  MRSA (B) viability determined by CFU plate counts following 
15 h exposure to mineral leachates.  The dotted line represents the limit of CFU 
detection. 
 
with intact membranes (Figure 2.7A; Table 2.1).  Although 1 h exposure to CB07-L 
elicited bactericidal activity (Figure 2.6A), flow cytometry revealed that 93.0% (average) 
of E. coli cells remained impermeable to PI (Figure 2.7G; Table 2.1).  Similarly, flow 
cytometry revealed that 99.3% of E. coli cells exposed to BY07-L for 6 h were 
impermeable to PI (Figure 2.7I; Table 2.1).  These data were confirmed in triplicate flow 
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cytometric experiments (Figure 2.7; Table 2.1) and indicate that membrane permeability 
does not occur in E. coli following exposure to the leachates, and thus, is not the primary 
mechanism of action for either of the mineral leachates (Figure 2.7; Table 2.1).  E. coli 
cells were also exposed to a low-pH buffer control to mimic the low pH environment of 
the leachates.  Minimal membrane permeability was observed after 1 h exposure to low 
pH buffer (Figure 2.7E), with an average of 92.3% impermeable cells detected by flow 
cytometry (Figure 2.7E; Table 2.1).  Table 1 summarizes the two data collection 
methods, showing that flow cytometry data suggest an insignificant loss in viability, 
despite the bactericidal activity demonstrated by CFU enumeration (Figure 2.7; Table 
2.1). 
Table 2.1: Summary of E. coli survival and membrane permeability following incubation 
in LB, water, pH 3.6 phosphate buffer, and mineral leachates. 
Treatment Time (h) 
Flow cytometry, 
percent intact membranes 
(avg)a 
Plate count viability, 
CFU enumeration (%)b 
LB 1 99.9 (99.9 ± 0.1) 0.5-log10 Increase (n/a)c 
    
dH2O 1 99.5 (99.0 ± 0.6) < 0.5-log10 Decrease (50.0) 
    
pH 3.6 Buffer 1 95.4 (92.3 ± 5.4) < 0.5-log10 Decrease (50.0)d 
    
CB07-L 1 96.4 (93.0 ± 6.6) 1.5-log10 Decrease (95.0)d 
    
BY07-L 6 99.3 (99.9 ± 0.3) 2.5-log10 Decrease (99.5)d 
a
 Actual percentages based on 50 000 total cells analyzed by flow cytometry following 
exposure to experimental conditions in triplicate experiments.  
b
 Actual values presented as log10 comparison of viability between 0 h and 1 or 6 h 
exposure to experimental conditions (Figure 2.6A).  Percent viability values were 
calculated based on the change in viability between 0 h and 1 or 6 h exposure for each 
experimental condition (Figure 2.6A). 
c
 Percentage of viable cells was not applicable due to cell growth in LB over time. 
d
 Limit of detection < 10 CFU/mL based on plating 1/10 of the experimental volume. 
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Figure 2.6: Flow cytometric analysis of E. coli (A, C, E, G, I) and MRSA (B, D, F, H, J) 
after incubation in broth, dH2O, low pH buffer, CB07-L, or BY07-L.  Two red 
fluorescent populations were observed with a higher fluorescence intensity (black arrow) 
and lower fluorescence intensity (white arrow).  Flow cytometric analyses and 
percentages were derived from a single representative experiment.  Average values from 
at least three independent replicate experiments are reported in parentheses.  Percentages 
denote the number of cells that remained impermeable to SYTO9, and therefore 
fluoresced green.  Green fluorescence was detected on channel FL1 with a 525 nm ± 
10nm bandpass filter for SYTO9; red fluorescence was detected on channel FL3 with a ≥ 
620 bandpass filter for PI.   
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Based on the projected killing kinetics for MRSA, we determined 15 h as the 
minimum amount of time required for bactericidal activity for both CB07-L and BY07-L 
(Figure 2.1B).  Following 15 h growth of MRSA in TSB, CFU plate enumeration resulted 
in an average of 109 CFU/mL viable cells (Figure 2.6B).  Flow cytometric analysis of 
these broth-exposed cells showed an average of 95.8% of cells with intact membranes 
(Figure 2.7B; Table 2.2).  Following 15 h exposure of high concentrations of MRSA to 
both CB07-L and BY07-L, CFU plate enumeration resulted in bactericidal activity with a 
99.99% (4-log10) decrease in viability (Figure 2.6B).  Flow cytometric analysis of these 
cells demonstrated that 3.2% and 1.7% of CB07-L- and BY07-L-exposed cells, 
respectively, have intact membranes (Figure 2.7H and 2.7J; Table 2.2).   
Table 2.2: Summary of MRSA survival and membrane permeability following 
incubation in TSB, water, pH 3.6 phosphate buffer, and mineral leachates. 
Treatment Time (h) 
Flow cytometry, 
percent intact 
membranes (avg)a 
Plate count viability, 
CFU enumeration (%)b 
TSB 15 96.6 (95.8 ± 2.6) 2-log10 Increase (n/a)c 
dH2O 15 61.9 (78.0 ± 16.0) 1-log10 Decrease (90.0) 
pH 3.6 Buffer 15 6.1 (2.6 ± 3.0) 5-log10 Decrease (99.999)d 
CB07-L 15 3.2 (3.3 ± 2.4) 4-log10 Decrease (99.99)d 
BY07-L 15 1.7 (1.7 ± 1.0) 4.5-log10 Decrease (99.995)d 
a
 Actual percentages based on 50 000 total cells analyzed by flow cytometry following 15 
h exposure to experimental condition in triplicate experiments.   
b
 Actual values presented as log10 comparison of viability between 0 h and 15 h exposure 
to experimental conditions (Figure 2.6B).  Percent viability values were calculated 
based on the change in viability between 0 h and 15 h exposure for each experimental 
condition (Figure 2.6B). 
c
 Percentage of viable cells was not applicable due to cell growth in TSB over time. 
d
 Limit of detection < 10 CFU/mL based on plating 1/10 of the experimental volume.  
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Table 2.2 summarizes the MRSA viability and membrane permeabilization occurred in 
MRSA during the 15 h exposure to the permeability demonstrating that these data 
indicate that membrane leachates, and thus contributed to bactericidal activity in this 
organism.  MRSA cells were also exposed to a low-pH phosphate buffer control to mimic 
the low pH environment of the leachates.  As expected, flow cytometric analyses 
revealed and average of 2.6% of low pH buffer-exposed MRSA cells with intact 
membranes (Figure 2.7F; Table 2.2).   
While only 2.6% of MRSA cells had intact membranes following exposure to the 
low pH buffer, comparable to the leachate-exposed cells, several remarkable differences 
were observed between these two populations.  First, the population profile on the 
forward-scatter side-scatter plots (FS – SS) of MRSA cells exposed to broth medium, 
dH2O, and the low pH buffer maintained a consistent shape, with < 2% of the each 
population falling outside the gated area (Figures 2.8B, 2.8D, and 2.8F).  In contrast, a 
marked spread of the population on the FS – SS plot occurred following exposure to 
CB07-L and BY07-L, resulting in an average number of cells of 5.2% and 5.7%, 
respectively, excluded by the gate (Figures 2.8H and 2.8J).  These differences 
demonstrated that changes in cell shape and complexity occurred during exposure to the 
leachates, but not during exposure to TSB, dH2O, or the low pH buffer.  These flow 
cytometry analyses corroborate the observed changes in MRSA cell shape seen in TEM 
images following exposure to the leachates (Figure 2.4), demonstrating that the 
appearance of distorted cells (Figure 2.5B) is characteristic of leachate exposure and not 
due to TEM processing.  Additionally, while the MRSA cells exposed to the low pH 
buffer maintained the highly red-fluorescent transitional population (Figure 2.7F; black 
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arrow), it did not display the lower-intensity red-fluorescent population that was 
characteristic of the leachate-exposed cells (Figures 2.7H and 2.7J; white arrows).  These 
differences demonstrated that while the total number of membrane permeabilized cells 
was similar following MRSA exposure to the leachates and pH buffer, the respective 
differences in fluorescence staining patterns indicated that the mechanism of toxicity 
differs between the low pH environment alone and the leachates.  No changes in size 
shape and complexity were observed following E. coli exposure to the CB07-L and 
BY07-L, as demonstrated by 99.9% and 99.8% of cells, respectively, remaining inside 
the FS-SS gate (Figures 2.8G and 2.8I).  Likewise, SEM and TEM images showed E. coli 
cells incubated in broth showed marked similarity in cell shape compared to those 
exposed to the antibacterial leachates (Figures 2.2 and 2.4). 
 51 
 
 
Figure 2.7: Forward-scatter and side-scatter dot plots of E. coli (A, C, E, G, I) and 
MRSA (B, D, F, H, J) determined by flow cytometry after incubation in broth, dH2O, low 
pH buffer, CB07-L, or BY07-L.  Flow cytometric dot plot analyses and percentages were 
derived from a single representative experiment.  Average values from at least three 
independent replicate experiments are reported in parentheses.  Percentages denote the 
number of cells falling inside the gate.   
 52 
 
2.5 Discussion 
The abundance of antibiotic resistant pathogens has incrementally increased since 
the introduction of penicillin in the 1940s.  In the United States alone, more than 70% of 
hospital-acquired infections are antibiotic-resistant, and community-acquired exposure to 
antibiotic-resistant pathogens is becoming increasingly prevalent (Coates et al. 895-910; 
Aiello, King, and Foxman 1910-1914). This problem is further exacerbated by waning 
research and development of novel antibacterial agents.  Historically, new antibiotics 
were developed by recapitulating a small set of molecular scaffolds, thus allowing 
opportunities for further antibiotic resistance to develop (Walsh 65-70; Fischbach and 
Walsh 1089-1093).  These alarming trends highlight the urgent need to develop novel and 
alternative antibacterial agents.  
 In the past 25 years, ~70% of commercially available antibiotics have 
been derived from natural sources (Fischbach and Walsh 1089-1093; Newman and Cragg 
461 - 477).  However, many unexplored natural resources remain promising for the 
discovery of new antibacterial agents.  Clay minerals have been used historically for 
cosmetic purposes and to treat ailments of the digestive tract, but more recently have 
been investigated for their potential antibacterial properties (Carretero 155-163; World 
Health Organization ).  The research presented here documents an understanding into the 
mechanism of action of mineral leachates, CB07-L and BY07-L, and scientifically 
validates the antibacterial efficacy of these clay mineral mixtures as promising new 
antibacterial agents.  Further, an understanding of the antibacterial mechanism of action 
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of these natural products will allow development of a chemically-derived, synthetic 
alternative, thus guaranteeing consistent efficacy.  
Previously, we showed that the BY07 and CB07 mineral mixtures are composed 
of 37.3% and 21.4% smectite, respectively (Cunningham et al. e9456).  Smectite clays 
have a layered structure with an expandable interlayer and a high cation exchange 
capacity attributed to their overall net negative charge.  In a hydrated suspension, these 
cations can be exchanged with ions in the external solution, provided charge balance is 
maintained (Wypych 995-1010).  In a low pH environment, the abundant protons saturate 
metal binding sites in the solution, maximizing the concentration of soluble metal ions.  
Consequently, metal ions become more bioavailable, and possibly more toxic, as the pH 
of a solution is dropped (Wang, Hung, and Shammas ).  Some metal ions, such as iron, 
copper, nickel, magnesium, manganese, and zinc, have specific biological functions as 
enzyme cofactors or to stabilize proteins and bacterial cell walls (Wang, Hung, and 
Shammas ; Gadd 197-203).  Alternatively, ions, such as aluminum, arsenic, lead, and 
mercury, have no biological function.  Such metals can exert toxic effects by irreversibly 
binding sulfhydryl groups in proteins or enzyme metal binding sites (Worden et al. 58-64; 
Nies and Silver 186-199).  Regardless of their function, all metals can exert toxic effects 
at high concentrations due to non-specific binding (Wang, Hung, and Shammas ).  As a 
consequence, microorganisms have adapted several mechanisms, such as active transport, 
sequestration, and enzymatic detoxification to exclude heavy metals and regulate 
intracellular concentrations of essential metals (Cohen, Bitan, and Nitzan 157-168; Nies 
and Silver 186-199; Mejáre and Bülow 67-73).  Moreover, when metal ions are present in 
combination, toxicity can be magnified due to synergistic effects.  For example, when 
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lead and mercury are present together, the toxic effects are amplified 100-fold (Schubert, 
Riley, and Tyler 763-776).  It is likely that the toxic effects of these mineral mixtures are 
due to the synergistic effects mediated by a combination of ions present in the solution 
(Cunningham et al. e9456).  However, further research is needed to determine which 
elements are mediating toxicity and their specific molecular targets. 
Many groups have used EM to visualize cellular ultrastructure following exposure 
to silver ions (Feng et al. 662 - 668; Jung et al. 2171 - 2178; Yamanaka, Hara, and Kudo 
7589 - 7593); however, minimal literature exists on the use of EM to assess antibacterial 
activity and ultrastructural influences of other metal ions.  Following exposure to silver 
ions, E. coli and MRSA cells exhibit condensed DNA and electron-dense granules bound 
to the cell envelope (Feng et al. 662 - 668; Jung et al. 2171 - 2178), in a similar manner 
as the CB07 and BY07 leachates (Figures 2.2 and 2.4).  To our knowledge, we report the 
first EM ultrastructural analysis of E. coli and MRSA following exposure to antibacterial 
mineral leachates, demonstrating that neither E. coli nor MRSA cells lysed following 
exposure to the mineral leachates.  Furthermore, changes in cell shape observed in 
MRSA cells following exposure to the leachates were not evident in E. coli.  
Condensation of the cytoplasm was observed in E. coli, and small (~ 10 nm), electron-
dense deposits were visualized on the surface of the cells.   
CB07-L and BY07-L exhibit bactericidal activity against E. coli and MRSA as 
determined by CFU enumeration.  Overall, a phenomenon occurs whereby E. coli is 
rapidly killed by CB07-L and BY07-L without permeabilization to the membrane, while 
MRSA is killed at a slower rate with membrane permeabilization.  Tables 1 and 2 
summarize the membrane permeability data determined by flow cytometry and cell 
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viability determined by CFU enumeration.  Notably, following a 6 h exposure to BY07-
L, E. coli viability decreased by 2.5 log10 units (99.5% decrease), while LIVE/DEAD 
staining determined that only 0.7% of the cell membranes were permeabilized.  These 
data demonstrate the careful consideration needed when using LIVE/DEAD staining as a 
direct indicator of cellular viability. 
It is known that bacterial cell walls interact strongly with metal cations, 
maintaining control over the type and amount of ions that gain access to the cytoplasm 
(Beveridge and Koval 325-335).  Gram-positive cell walls specifically have been shown 
to have a higher charge capacity, allowing containment of a larger volume of cations 
(Mullen et al. 3143-3149).  For example, it has been demonstrated that Bacillus subtilis 
binds 28 to 33 times more Cu2+ than E. coli (Mullen et al. 3143-3149).  As a potent metal 
ion chelator, the thick peptidoglycan layer present in S. aureus likely contributes to the 
delayed toxicity seen with MRSA exposure to the leachates.  Moreover, while these ions 
are trapped in the peptidoglycan, they can propagate oxidative damage to the membrane 
(Sariaslani and Gadd ).  Because E. coli is killed without loss of membrane integrity, it is 
possible that membrane permeabilization observed in MRSA cells is likely not the 
principle mechanism of action, but rather a secondary consequence due to the slow 
passage through the thick peptidoglycan. 
MRSA exposure to the leachates resulted in a distinct and reproducible 
fluorescence staining pattern as observed with flow cytometry.  Interestingly, the dot 
plots of leachate-exposed MRSA cells show two red-fluorescent populations.  The first 
population moved in a distinct curve-shaped manner, transitioning from higher red 
fluorescence intensity to lower red fluorescence intensity (Figures 2.7H and 2.7J; black 
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arrow).  This feature is likely due to intermediate states, characterized by different 
concentrations of SYTO9 and PI dyes within the cells (Berney et al. 3283-3290).  The 
second population, although still red, occurred at much lower fluorescence intensity 
(Figures 2.7H and 2.7J; white arrow).  This phenomenon could possibly be due to an 
overall lower abundance of nucleic acids in these cells.  Alternatively, due to FRET, PI 
fluoresces with greater intensity when in the presence of SYTO9 and at a lower intensity 
when present alone (Stocks 189-195).  Therefore, the separation of these two populations 
may be due to a greater abundance of SYTO9 in the upper population and a decreased 
abundance of SYTO9 in the lower population.   
Natural sources have historically played an important role in the discovery of 
novel antibacterial agents (Newman and Cragg 461 - 477).  CB07 and BY07 mineral 
mixtures and their leachate derivatives could offer an additional complementary 
treatment option against topical bacterial infections.  However, efficacy of these minerals 
can vary widely despite having a common source.  It is therefore essential to characterize 
their specific antibacterial mechanism of action in order to improve quality control, 
guarantee consistent efficacy, and maximize their performance as an antibacterial agent.   
2.6 Conclusions 
In summary, these data suggest the leachate antibacterial killing activity differs 
for Gram-positive and Gram-negative organisms and have guided us in our understanding 
of the leachate antibacterial mechanism of action.  They have demonstrated that the cells 
remain intact and that compromised membrane integrity accounts for bactericidal activity 
in Gram-positive, but not in Gram-negative cells. 
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CHAPTER 3 
Exchangeable ions are responsible for the in vitro antibacterial properties of 
natural clay mixtures 
 
This chapter was published in an altered format in PLoS ONE (Otto et al, 2013). 
 
3.1 Abstract 
We have identified a natural clay mixture that exhibits in vitro antibacterial 
activity against a broad spectrum of bacterial pathogens.  We collected four samples from 
the same source and demonstrated through antibacterial susceptibility testing that these 
clay mixtures have markedly different antibacterial activity against Escherichia coli and 
methicillin-resistant Staphylococcus aureus (MRSA).  Here, we used X-ray diffraction 
(XRD) and inductively coupled plasma – optical emission spectroscopy (ICP-OES) and – 
mass spectrometry (ICP-MS) to characterize the mineralogical and chemical features of 
the four clay mixture samples.  XRD analyses of the clay mixtures revealed minor 
mineralogical differences between the four samples. However, ICP analyses 
demonstrated that the concentrations of many elements, Fe, Co, Cu, Ni, and Zn, in 
particular, vary greatly across the four clay mixture leachates.  Supplementation of a non-
antibacterial leachate containing lower concentrations of Fe, Co, Ni, Cu, and Zn to final 
ion concentrations and a pH equivalent to that of the antibacterial leachate generated 
antibacterial activity against E. coli and MRSA, confirming the role of these ions in the 
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antibacterial clay mixture leachates.  Speciation modeling revealed increased 
concentrations of soluble Cu2+ and Fe2+ in the antibacterial leachates, compared to the 
non-antibacterial leachates, suggesting these ionic species specifically are modulating the 
antibacterial activity of the leachates.  Finally, linear regression analyses comparing the 
log10 reduction in bacterial viability to the concentration of individual ion species 
revealed positive correlations with Zn2+ and Cu2+ and antibacterial activity, a negative 
correlation with Fe3+, and no correlation with pH.  Together, these analyses further 
indicate that the ion concentration of specific species (Fe2+, Cu2+, and Zn2+) are 
responsible for antibacterial activity and that killing activity is not solely attributed to pH. 
3.2 Introduction 
Recent epidemiological studies have demonstrated a steady increase in infections 
due to antibiotic-resistant bacteria (Arias and Murray 439-443; Diekema et al. 78-85).  
These trends of increasing antibiotic resistance demonstrate an ongoing need to develop 
novel therapeutic treatments for bacterial infections.  Clays have been used for medicinal 
applications throughout recorded history.  The ancient tablets of Nippur, written 
approximately 5,000 years ago, listed clays as medicament for healing wounds and 
stopping “fluxes from the body”.  The Ebers Papyrus, the world’s oldest medical text, 
dated approximately 1600 BC, lists clay as a mineral remedy for ailments such as 
diarrhea, dysentery, tapeworm, hookworm, wounds, and abscesses (Nunn 240).  During 
the late 19th century, clays were used as topical treatments for surgical wounds with 
demonstrated beneficial effects on pain management, inflammation, putrefaction, and 
healing processes (Hewson ).  Reinbacher (Reinbacher 22-23) describes German 
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physician Dr. Julius Stumpf’s treatment strategy in 1898 of a patient who had long been 
suffering from a deep and suppurating ulcer of the tibia.  This patient refused amputation, 
so the physician began treatment with a thick layer of fine clay powder.  The wound 
immediately stopped producing a malodorous discharge and after four days of repeated 
clay application and bandaging, the ulcer healed.  More recently, clays have been applied 
in a similar manner for the treatment of bacterial infections caused by Mycobacterium 
ulcerans, the causative agent of Buruli ulcer, which is a difficult-to-treat necrotic skin 
disease. A French humanitarian working in the Ivory Coast of Africa applied thick clay 
poultices daily, alternating between two types of clay, to individuals afflicted with Buruli 
ulcer.  After several months of treatment, the infections often healed with some scarring 
and a resumption of normal motor function (World Health Organization ; Haydel, 
Remenih, and Williams 353 - 361; Williams et al. 437 - 452). 
The healing property of clay has been attributed to both the physical and chemical 
properties of the minerals (Haydel, Remenih, and Williams 353 - 361; Carretero, Gomez, 
and Tateo 717-741; Cunningham et al. e9456).  Clay minerals have a negative surface 
charge that allows the free exchange of particles from the environment such as bacteria, 
viruses, proteins, nucleic acids, and cations (McLaren 3586).  In particular, kaolinite, talc, 
and smectite clay minerals are highly absorptive and capable of adhering to the skin, thus 
offering mechanical protection against external physical or chemical agents and serving 
as dermatological protectors (McLaren 3586). 
While clay minerals have been used with favorable outcomes for centuries in 
pharmaceutical applications, technology, and dermopharmacy as excipients and as active 
substances, their use for medical applications does not come without possible side effects.  
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Several important factors that contribute to mineral toxicity include (i) site of ingress to 
the body (inhalation, ingestion, absorption), (ii) duration of exposure to the particles, and 
(iii) particle size (Carretero, Gomez, and Tateo 717-741).  The predominant pathogenicity 
of clay minerals is due to inhalation of the minerals, potentially leading to lung cancer, 
pneumoconiosis, or silicosis (Gutherie 225-243).  Moreover, due to their net negative 
charge, clays bind toxic metals to their surface.  When in a hydrated environment, the 
ionic species adsorbed to clay surfaces can be exchanged into the surrounding medium in 
a manner that depends on the ionic strength of the aqueous medium and cation selectivity 
of the clay (Velde 8-33).  Mascolo et al. (Mascolo, Summa, and Tateo 491-500) fed mice 
one of three different clay samples and detected increased levels of As, Ni, and Se in 
urine samples, thus indicating that desorptive processes occur after clay ingestion.  In 
addition, Tateo et al. (Tateo et al. 83-94) showed that ions, specifically Li, Sr, B, I, Rb, 
Br, Ba, Na, Cl, Se, and Ca, bound to pelotherapy clays were released from the mineral 
surface and penetrated human skin. While several of these elements are essential, caution 
must be taken to ensure that the transferred ion concentrations do not reach hazardous 
levels. 
We have identified a natural clay mixture, designated CB, which has antibacterial 
activity against a broad spectrum of bacterial pathogens. Previously, we prepared 
aqueous clay mixture extracts (leachates) and demonstrated that the in vitro antibacterial 
activity of the natural clay sample is associated with the generation of low pH 
environment and the chemical desorption of ions from the surface of the clay particles 
(Cunningham et al. e9456).  However, as described in this report, we have collected four 
samples from the same source and demonstrated that the in vitro antibacterial activity of 
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these minerals depends on the chemical properties of the clay mixtures.  This discrepancy 
in antibacterial activity must be controlled if these clay mixtures or developed clay 
minerals are to be used therapeutically against topical bacterial infections.  In order to 
define the properties that are associated with varied antibacterial efficacy, we 
characterized the mineralogical and geochemical composition of the four clay mineral 
samples.  Furthermore, while metals ions have been shown to be toxic, the total ion 
concentration does not always correlate directly to toxicity.  Rather, ion toxicity is 
directly linked to ion speciation changes influenced by the pH, redox state, ion solubility, 
osmotic strength, and temperature during experimental conditions (Moberly et al. 7302-
7308).  We evaluated the interplay between total ion concentration, ion speciation, and 
leachate antibacterial activity by performing antibacterial susceptibility testing of 
leachates supplemented with additional ions and subjected to pH adjustments.  Finally, 
we used Visual MINTEQ to model the speciation and solubility changes of ions present 
in the leachates to predict which species specifically contribute to the toxicity of the 
leachates. 
3.3 Materials and Methods 
3.3.1 Bacterial Strains and Growth Conditions 
Escherichia coli ATCC 25922, obtained from the American Type Culture 
Collection, and methicillin-resistant Staphylococcus aureus (MRSA), obtained from 
Sonora Quest Laboratories (Tempe, AZ, USA), were used for all studies as previously 
described (Haydel, Remenih, and Williams 353 - 361).  E. coli was grown on Luria-
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Bertani (LB) agar or in LB broth, and MRSA was grown on trypticase soy agar (TSA) or 
in trypticase soy broth (TSB).  Both bacterial strains were grown at 37°C with gentle 
rotary mixing. 
3.3.2 Antibacterial Susceptibility Testing 
E. coli and MRSA exponential phase cultures were prepared by diluting overnight 
cultures into fresh growth medium to a concentration of 107 CFU/mL and continuing 
growth at 37°C with gentle rotary mixing until the cultures reached mid-logarithmic 
phase of growth.  Bacterial cells were collected by centrifugation, washed once in 0.85% 
sterile saline, and suspended in the appropriate clay mixture leachate solution, clay 
mixture (at 1% or 10% w/v), or sterile UV-irradiated ultrapure H2O (dH2O) at an initial 
concentration of 107 CFU/mL.  Samples were incubated at 37°C with gentle rotary 
mixing for 24 h, and cell survival was determined by plating duplicate 10-fold serial 
dilutions for each sample at appropriate time points and enumerating colonies on plates 
after overnight incubation at 37°C.  Due to sample processing, the indicated 0 h 
experimental exposure times were equivalent to approximately 3 min exposures. 
3.3.3 Clay Mixtures and Mineral Leachate Preparation 
Clay mixtures were autoclaved for 1 h at 121°C before experimental use.  A 10% 
CB suspension refers to 0.1 g of clay mixtures mixed in 1 mL sterile dH2O.  CB-derived 
leachates (CB-L) were obtained by continuously stirring clay mixtures (1 g/20 mL) in 
sterile dH2O for 18-24 h. Subsequently, the hydrated clay mixture suspensions were 
centrifuged (31,000 × g) for 3 h at 4°C to separate insoluble and soluble fractions. The 
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aqueous supernatant (leachate) was collected and sterilized by passage through a 0.22 µm 
filter. 
3.3.4 X-ray Diffraction Sample Preparation and Analysis 
Qualitative mineralogical profiles of CB07, CB08, CB09, and CB10 samples 
were analyzed as oriented mounts on glass slides from 2° to 35° two-theta with the 
standard treatments of K-saturation followed by heating to 350°C and 550°C, Mg-
saturation, and Mg-saturation/glycerol solvation (Whittig and Allardice ).  X-ray 
diffraction analyses were conducted at the University of Arizona Center for 
Environmental Physics and Mineralogy using a PANalytical X'Pert PRO-MPD X-ray 
diffraction system (PANalytical, Almelo, AA, The Netherlands) producing Cu–Kα 
radiation at an accelerating potential of 45 kV and current of 40 mA and fitted with a 
graphite monochromator and sealed Xenon detector. 
Quantitative analyses of the four CB clay mixture samples were run as random 
powder mounts and measured from 5° to 65° two-theta.  Samples were prepared by 
pulverizing in a McCrone micronizing mill (The McCrone Group, Westmont, IL) after 
the addition of a 20% (w/w) corundum internal standard.  After measurement, 
diffractograms were imported into RockJock (Eberl ), a program for determining 
quantitative mineralogy from powder X-ray diffraction data, and analyzed with Reitveld 
refinement. Measurement conditions were as follows: 0.02° step size, 3 sec dwell time 
per step, spinning at 1 revolution per second, 1/4° divergent anti-scatter slit, 15 mm 
divergent mask, 1/4° incident anti-scatter slit, and 0.6 mm fixed receiving slit. 
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3.3.5 ICP-MS/-OES Sample Preparation and Analysis 
Measurements of the elemental concentrations in the leachate samples were 
determined using inductively coupled plasma mass spectrometry (ICP-MS) 
(ThermoQuest/Finnigan Element 2), and the clay mixture samples were analyzed by ICP-
MS and inductively coupled plasma – optical emission spectrometry (ICP-OES) (Perkin 
Elmer Optima 3000).  For clay mixture sample analysis, the procedures used were similar 
to those described by Janney et al. (Janney and Castillo 2875-2894) and Solidum et al. 
(Solidum ) with some modifications.  Prior to analysis, 0.025-0.030 g of sample powder 
was digested using ~1 mL of a 2:1 mixture of double-distilled and concentrated 
hydrofluoric (HF) and nitric (HNO3) acids and either placed in an ultrasonic bath for 60 
minutes or heated at 60°C overnight.  After the powder was fully dissolved, the sample-
acid solution was evaporated to dryness over a hotplate at 60°C and under a heat lamp in 
a teflon evaporating unit.  The digested residue was then treated twice with ~0.5 mL of 
concentrated HNO3 and evaporated to dryness.  For ICP-MS analyses, the digested 
sample powder was first diluted 100× (by weight) with a 2.5% HNO3 acid solution 
containing 1 ppb indium (In) as an internal standard, and then an aliquot of the digested 
sample solution was diluted ~4000× with the 2.5% HNO3 solution containing indium.  
Calibration was achieved using one blank and a series of three synthetic standard 
solutions with elemental concentrations ranging from 0.05 to 10 ppb.  For the ICP-OES 
analyses, an aliquot of the 100× diluted sample solution described above was diluted 
2000× the sample weight using a 1% HNO3 acid solution.  Instruments were calibrated 
with one blank solution and a series of four synthetic standard solutions with element 
concentrations ranging from 20 to 500 ppb in 1% HNO3 acid medium.  The accuracy and 
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precision of the analytical method were monitored by analysis of natural rock standards, 
AGV-1 and BHVO-1, prepared in the same manner as the unknown samples. 
The leachate samples were analyzed on an ELAN DRC-II ICP-MS (Perkin Elmer, 
Shelton, CT).  Calibration standards were prepared from multi-element stock solutions 
(except for Hg, which is a single element standard) purchased from AccuStandard (New 
Haven, CT).  The stock solutions were diluted in 1% nitric acid to provide a working 
calibration curve of at least five measurements.  Samples were also diluted with 1% nitric 
acid until their response was determined to be within the calibration range.  Internal 
standards (Rh, In, and Ga) were added to both standards and samples prior to analysis. 
3.3.6 Leachate pH Adjustment and Ion Supplementation 
For the ion supplementation experiments, CB09-L was prepared as described 
above and then subsequently supplemented with chloride salts of Fe, Co, Ni, Cu, and Zn 
to final ion concentrations equivalent to values present in natural CB07-L.  Where 
indicated, the pH of the solutions was adjusted with 1M HCl or 1M NaOH to a pH of 3.4 
or 5.0 to mimic the native pH values of CB07-L and CB09-L, respectively.  Finally, the 
leachates were sterilized by passage through a 0.22 µm filter prior to further analyses. 
3.3.7 Oxidation-Reduction Potential Measurements 
Half-cell oxidation-reduction potential (ORP) measurements were made using an 
Accumet Basic AB15 Plus pH meter equipped with a single junction Ag/AgCl reference 
electrode and a platinum ORP-indicating electrode.  Final Eh values were calculated by 
adding the half-cell potential measurement for a Ag/AgCl electrode at 25°C (+199 mV) 
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to the measured value.  The electrode was calibrated with Zobell’s solution, and the ORP 
value was normalized to this value accordingly. 
3.3.8 Speciation Modeling Analysis of the Leachate Samples 
Aqueous speciation and solubility of Fe, Co, Ni, Cu, and Zn were calculated using 
Visual MINTEQ (version 3.0) modeling software. The ICP-MS/OES-determined ion 
concentrations and pH of the CB leachates were used to calculate ion speciation and 
solubility.  Experimentally determined Eh values used for each leachate (CB07-L, 567.1 
mV; CB08-L, 514.2 mV; CB09-L, 524.0 mV; CB10-L, 567.5 mV) were included in the 
calculation of redox active ion pairs present in the leachates (Fe2+/Fe3+, Co2+/Co3+, and 
Cu1+/Cu2+). 
3.3.9 Statistical Analyses 
Reduction in bacterial concentration was measured as the log10 decrease in 
bacterial viability following a 24 h exposure to the experimental conditions and tested 
using one-sample t-tests.  Relative differences in antibacterial activity between two 
leachates were tested using two-sample t-tests with Satterthwaite approximation.  
Associations between ion species concentrations and antibacterial activity were assessed 
using linear regression of the log10 reduction in bacterial concentration against log10 ion 
species concentration. Multivariate regression models were constructed using stepwise 
regression and the Bayes Information Criterion. Analyses were conducted using R 2.15.3 
statistical software.   
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3.4 Results and Discussion 
3.4.1 CB Clay Mixtures and Leachates Exhibit Variable in vitro Antibacterial Activities 
In vitro antimicrobial susceptibility experiments with clay-water suspensions and 
leachates were performed to assess the effect of the CB clay mixtures on the growth of E. 
coli and MRSA.  Ten percent suspensions of CB07, CB08, CB09, and CB10 completely 
killed E. coli and MRSA within 24 h (Figure 3.1).  Exposure of E. coli and MRSA to 1% 
suspensions of CB07  
 
Figure 3.1: Viability of E. coli (A) and MRSA (B) following 24 h exposure to 10% 
suspensions of CB clay mixtures in dH2O.  Error bars represent the standard error of the 
mean from at least three independent replicates. 
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Figure 3.2: Viability of E. coli (A) and MRSA (B) following 24 h exposure to 1% 
suspensions of CB clay mixtures in dH2O.  Error bars represent the standard error of the 
mean from at least three independent replicates. 
 
and CB10 resulted in complete killing and nearly complete killing, respectively (Figure 
3.2).  However, when E. coli was exposed to 1% suspensions of CB08 and CB09, there 
was no decrease in viability (Figure 3.2A).  Exposure of MRSA to 1% suspensions of 
CB08 and CB09 minerals resulted in bactericidal activity (4.8- and 4.7-log10 unit 
reductions, respectively), but did not completely kill the cells (Figure 3.2B).  The effects 
of clay mixture leachate exposures to E. coli and MRSA are shown in Figure 3.3.  CB07-
L completely killed E. coli and MRSA, while  
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CB10-L resulted in 3.1- and 2.5-log10 decreases in E. coli and MRSA viability, 
respectively (Figure 3.3).  E. coli and MRSA viability was minimally decreased or 
affected following 24 h  
 
Figure 3.3: Viability of E. coli (A) and MRSA (B) following 24 h exposure to CB 
leachates. Error bars represent the standard error of the mean from at least three 
independent replicates. 
 
exposures to CB08-L and CB09-L, respectively (Figure 3.3).  Overall, the CB07 clay 
mixture and CB07-derived leachate, followed by CB10 clay mixture suspensions and 
CB10-L, have the greatest antibacterial efficacy, compared to the other CB clay mixture 
and leachate samples. 
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3.4.2 CB Clay Mixtures Are Mineralogically Similar 
X-ray diffraction (XRD) analyses of the CB minerals (Figure 3.4) revealed that 
the minerals are all composed of approximately 52% clays and 48% non-clay minerals 
(Table 3.1).  The most abundant clay mineral in all of the samples was illite-smectite (36 
– 37%), followed by montmorillonite (9.7 – 14.2%) and kaolinite (1.4 – 3.6%) (Table 
3.1).  The CB08 and CB09 samples also contained small amounts of chlorite (Table 3.1).  
The most abundant non-clay mineral present in the CB samples was quartz (34 – 37.3%), 
followed by pyrite (4 – 5.5%) and jarosite (2.4 – 4.7%).  Overall, the XRD analyses of 
the CB minerals revealed minor mineralogical differences between the four samples. 
Table 3.1:  X-ray diffraction mineralogical analysis of the CB clay mixtures (% w/w). 
Mineral CB07 CB08 CB09 CB10 
N
O
N
-
C
LA
Y
S 
Jarosite 4.7 4.5 3.7 2.4 
Quartz 37.3 34.4 34 36.6 
Albite — 1.5 1.4 — 
Bytownite — — — 2.8 
Pyrite 4 5.5 5.2 4.3 
Gypsum 2.5 2.9 3 1.7 
Total non-clays 48.4 48.7 47.3 47.8 
        
C
LA
Y
S 
Kaolinite 1.4 3.6 3.5 1.7 
Illite-Smectite 36 37 36.6 36.7 
Montmorillonite 14.2 9.7 11.7 13.8 
Chlorite — 1 0.9 — 
Total clays 51.6 51.3 52.7 52.2 
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Figure 3.4: X-ray diffraction spectra of the CB clay mixtures. 
3.4.3 Compositions of Exchangeable Ions Released from CB Clay Mixtures and Present 
in CB Leachates Vary Across the Samples 
Clay mineral surfaces are naturally negatively charged, thus allowing free exchange of 
positively charged species, such as metal cations.  When in a hydrated suspension, these 
cations can be released from the surface of the minerals into the surrounding medium.  
Previously, we demonstrated that the physical interactions with the clay mixtures do not 
mediate antibacterial activity on their own, but rather, the freely exchangeable metal ions 
bound to the surface of the minerals are responsible for the antibacterial activity of CB07 
clay mixtures (Cunningham et al. e9456).  ICP analyses of the four CB bulk clay mixture 
samples revealed that the ion compositions are similar, consistent with the mineralogical 
XRD data (Table 3.2).  While the four CB samples were mineralogically similar, there 
were notable differences associated with the composition of ions bound to their surfaces 
(Table 3.3).  For example, exchangeable Cu concentrations ranged from 0.04 to 3.18 µM, 
an approximate 80-fold difference in concentration across the four samples (Table 3.3).  
Likewise, exchangeable zinc concentrations ranged from 3.05 to 14.52 µM across the 
four leachate samples (Table 3.3).  These ICP data revealed chemical variability across 
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the samples, suggesting that the differences in antibacterial activity may be due to the 
variable concentrations of the exchangeable ions available in each of the clay mixture 
samples.  However, while overall ion concentration is commonly assumed to be an 
accurate indicator of metal ion toxicity, it does not always accurately predict bactericidal 
activity (Van Nostrand et al. 2742-2750).  Previously published experimental data and 
mathematical modeling (De Schamphelaere et al. 2454-2465) have demonstrated that Cu, 
Ni, and Zn toxicity increases with increasing pH (Van Nostrand et al. 2742-2750; 
Franklin et al. 275-289; Moberly et al. 7302-7308).  The authors hypothesize that the pH-
dependent changes in metal ion toxicity are due to increased metal-ligand interactions 
and increased concentrations of intracellular ions in the cases of Cu and Ni (Van 
Nostrand et al. 2742-2750; Franklin et al. 275-289) or changes in speciation over a 
defined pH range in the case of Zn (Moberly et al. 7302-7308).  With one exception, the 
concentrations of Fe, Co, Ni, and Zn were lower in CB10-L compared to the non-
antibacterial CB08-L and CB09-L leachates, yet CB10-L antibacterial activity is 
maintained.  The four CB leachates have a pH range of 3.4 – 5.0 (Table 3.3).  Thus, while 
CB10-L has lower ion concentrations than the non-antibacterial leachates, the variable 
pH across the samples likely modulates speciation, solubility, and metal-cell interactions 
to affect antibacterial activity. 
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Table 3.2:  ICP-OES and ICP-MS chemical analysis of the CB clay mixtures.  
Element CB07 CB08 CB09 CB10 
 ppm mM ppm mM ppm mM Ppm mM 
Li 28.94 4.17 25.31 3.65 21.87 3.15 29.31 4.22 
Be 1.18 0.13 0.97 0.11 0.91 0.10 0.74 0.08 
Na 6514.32 283.36 8126.04 353.46 7399.97 321.88 4626.72 201.25 
Mg 5736.95 236.04 10452.59 430.06 10452.59 430.06 3478.62 143.12 
Al 81217.03 3010.27 87483.74 3242.54 80944.56 3000.17 67834.77 2514.26 
Si 2.0E+5 7123.13 2.3E+5 8299.48 201952.30 7189.47 243049.16 8652.52 
Si Wt % 42.80 49.87 43.20 51.99 
K 18544.45 474.31 16116.00 412.20 14623.66 374.03 10743.87 274.79 
Ca 6909.29 172.39 11561.88 288.47 10349.06 258.21 4121.66 102.84 
Ti 3104.93 64.87 3685.94 77.00 3685.94 77.00 2807.98 58.66 
V 85.38 1.68 106.69 2.09 106.69 2.09 71.17 1.40 
Cr 17.53 0.34 32.26 0.62 32.26 0.62 18.98 0.36 
Mn 177.89 3.24 382.11 6.96 382.11 6.96 175.21 3.19 
Fe 27580.00 493.87 34175.54 611.97 34175.54 611.97 24624.84 40.95 
Co 47.97 0.81 42.63 0.72 42.63 0.72 2.73 0.046 
Ni 23.15 0.39 35.35 0.60 35.35 0.60 10.48 0.18 
Cu 18.88 0.30 30.76 0.48 27.74 0.44 21.51 0.34 
Zn 41.60 0.64 54.38 0.83 54.38 0.83 43.78 0.67 
Ga 19.90 0.29 19.59 0.28 18.25 0.26 18.54 0.27 
As 1.17 0.010 1.41 0.013 1.38 0.012 0.45 0.0040 
Rb 51.07 0.60 38.72 0.45 34.75 0.41 24.39 0.29 
Sr 176.63 2.02 311.55 3.56 285.16 3.25 113.48 1.30 
Y 7.91 0.089 8.25 0.093 7.41 0.083 4.79 0.054 
Zr 40.78 0.45 32.97 0.36 32.87 0.36 53.67 0.59 
Nb 4.93 0.053 4.85 0.052 4.69 0.050 4.59 0.049 
Mo 6.94 0.072 4.75 0.050 4.83 0.050 4.78 0.050 
Ag — — — — — — 13.32 0.12 
Cd 105.07 0.93 96.83 0.86 101.71 0.90 85.15 0.76 
Ba 399.57 2.91 630.27 4.59 1922.51 14.00 564.20 4.11 
La 8.65 0.062 10.62 0.077 8.64 0.062 8.32 0.060 
Ce 18.94 0.135 20.43 0.146 19.17 0.137 10.44 0.075 
Pr 2.31 0.016 2.49 0.018 2.34 0.017 1.21 0.0086 
Nd 9.48 0.066 10.53 0.073 9.80 0.068 4.62 0.032 
Sm 1.93 0.013 2.13 0.014 1.97 0.013 0.93 0.0062 
Eu 0.65 0.0043 1.28 0.0084 1.43 0.0094 — — 
Tb 0.25 0.0016 0.27 0.0017 0.25 0.0016 0.13 0.0008 
Dy 1.37 0.009 1.46 0.0090 1.33 0.0082 0.72 0.0044 
Ho 0.27 0.0016 0.29 0.0017 0.26 0.0016 0.14 0.0009 
Er 0.73 0.0043 0.75 0.0045 0.69 0.0041 0.39 0.0024 
Yb 0.79 0.0045 0.79 0.0046 0.70 0.0040 — — 
Ta 0.33 0.0018 0.31 0.0017 0.30 0.0017 0.34 0.0019 
Pb 13.80 0.067 18.14 0.088 18.01 0.087 7.97 0.039 
Th 2.15 0.0093 2.06 0.0089 1.90 0.0082 1.42 0.0061 
U 0.74 0.0031 0.79 0.0033 0.66 0.0028 0.74 0.0031 
 —, Indicates below the detection limit.    
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Table 3.3:  ICP-MS chemical analysis of the clay mixture leachates. 
Element CB07-L (pH 3.4) CB08-L (pH 4.7) CB09-L (pH 5.0) 
CB10-L (pH 
4.2) 
 
ppb µM ppb µM ppb µM ppb µM 
Li 52.86 7.62 12.61 1.82 8.03 1.16 49.66 7.15 
Be 7.18 0.80 0.16 0.02 0.07 0.01 2.63 0.29 
Na 3945.33 171.61 4490.55 195.33 4594.20 199.83 5774.46 251.17 
Mg 18790.38 773.11 53742.79 2211.18 52845.95 2174.28 7633.77 314.08 
Al 29127.64 1079.60 72.89 2.70 21.20 0.79 2297.69 85.16 
Si 2697.00 96.03 2629.74 93.63 2873.29 102.31 5789.57 206.14 
K 2490.00 63.69 4520.00 115.61 5930.00 151.67 1780.00 45.53 
Ca 277000.0 6911.18 288000.0 7185.63 283000.0 7060.88 146000.0 3642.71 
Ti 0.44 0.01 — — — — — — 
V 24.90 0.49 7.00 0.14 0.05 0.001 — — 
Cr 8.12 0.16 — — — — 0.17 0.003 
Mn 5455.65 99.31 7151.04 130.17 7052.63 128.37 3310.49 60.26 
Fe 12837.74 229.88 5397.34 96.65 4867.39 87.16 471.63 8.45 
Co 199.00 3.38 92.20 1.56 85.50 1.45 78.40 1.33 
Ni 203.00 3.46 119.00 2.03 110.00 1.87 65.80 1.12 
Cu 202.00 3.18 6.27 0.10 2.58 0.04 11.90 0.19 
Zn 949.35 14.52 352.17 5.39 199.75 3.05 343.14 5.25 
Ga 1.53 0.02 2.16 0.03 2.14 0.03 2.85 0.04 
As 2.83 0.04 0.25 0.003 0.23 0.003 0.37 0.005 
Rb 1.60 0.02 0.88 0.01 1.09 0.01 2.68 0.03 
Sr 305.15 3.48 418.30 4.77 377.98 4.31 181.40 2.07 
Y 158.00 1.78 19.20 0.22 11.30 0.13 21.40 0.24 
Zr 0.09 0.001 — — — — — — 
Nb — — — — — — — — 
Mo 0.23 0.002 — — — — — — 
Ag — — — — — — — — 
Cd 1.39 0.01 1.89 0.02 1.68 0.01 0.53 0.00 
Ba 8.30 0.06 12.40 0.09 12.80 0.09 16.70 0.12 
La 56.70 0.41 9.89 0.07 6.73 0.05 17.00 0.12 
Ce 183.00 1.31 24.90 0.18 15.30 0.11 41.10 0.29 
Pr 25.00 0.18 3.68 0.03 2.15 0.02 5.71 0.04 
Nd 35.10 0.24 6.49 0.04 2.84 0.02 5.34 0.04 
Sm 33.50 0.22 3.96 0.03 1.99 0.01 5.90 0.04 
Eu 13.10 0.09 1.57 0.01 0.79 0.01 2.30 0.02 
Tb 5.58 0.04 0.65 0.004 0.32 0.002 0.90 0.01 
Dy 28.10 0.17 3.31 0.02 1.57 0.01 4.52 0.03 
Ho 4.75 0.03 0.59 0.004 0.29 0.002 0.77 0.005 
Er 11.60 0.07 1.41 0.01 0.69 0.004 1.90 0.01 
Yb 7.73 0.04 0.79 0.005 0.34 0.002 1.22 0.01 
Ta 0.23 0.001 0.14 0.001 — — — — 
Pb 0.06 0.0003 — — — — — — 
Th 0.12 0.0005 0.002 7.6E-6 0.0002 8.0E-7 — — 
U 1.80 0.01 0.03 0.0001 0.01 0.0000295 0.26 0.001 
 —, Indicates below the detection limit.     
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3.4.4 Ion Supplementation of Non-antibacterial CB09-L Confirms the Role of 
Exchangeable Ions in Clay Mixture Antibacterial Activity 
To evaluate the influence of pH and ion speciation on the antibacterial activity, 
we modified the pH of CB07-L (antibacterial) and CB09-L (non-antibacterial) to that of 
the other respective leachate.  The natural pH of CB07-L is 3.4 and was subsequently 
increased to a pH of 5 prior to antibacterial susceptibility testing.  Likewise, the natural 
pH of CB09-L is 5.0 and was decreased to 3.4 for further testing.   
 
Figure 3.5: Viability of E. coli (A) and MRSA (B) following exposure to CB07-L, 
CB09-L, and CB09-L supplemented with Fe, Co, Ni, Cu, and Zn (IS CB09-L) each at a 
pH 3.4 or pH 5.  Error bars represent the standard error of the mean from at least three 
independent replicates. * = p value > 0.05.  
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Figure 3.5 shows that increasing the pH of CB07-L rescued MRSA (4.7-log10 unit 
increase; p = 0.039) from killing.  However, decreasing the pH of CB09-L to 3.4 only 
slightly increased the antibacterial activity of the leachate against E. coli (p = 0.018) and 
did not alter the antibacterial activity against MRSA. 
Previously, we performed antibacterial susceptibility experiments whereby we 
supplemented the clay mixtures with metal chelators (Cunningham et al. e9456).  The 
addition of desferrioximine, which readily chelates Fe, Co, Cu, Ni, and Zn, rescued E. 
coli cells from clay-mediated killing (Cunningham et al. e9456).  Therefore, we 
hypothesized that these ions were major contributors to the antibacterial activity of 
natural clay mixtures.  The ICP analyses revealed that the concentrations of these five 
ions are higher in the CB07 bactericidal leachate compared to the non-antibacterial 
counterparts, CB08-L and CB09-L.  To confirm the role of these ions in the bactericidal 
activity of CB clay mixtures, we supplemented the non-antibacterial leachate, CB09-L, 
with Fe, Co, Ni, Cu, and Zn such that the final ion concentration of these elements and 
pH were equal to that of CB07-L (pH 3.4).  Antibacterial susceptibility testing of the ion-
supplemented CB09-L (IS CB09-L) resulted in complete killing of E. coli (p < 0.001) 
and MRSA (p < 0.001) following a 24 h exposure (Figure 3.5).  When the IS CB09-L pH 
was subsequently increased from 3.4 to 5, it no longer killed E. coli or MRSA (Figure 
3.5). 
3.4.5 Speciation Modeling Implicates Zn2+, Ni2+, Co2+, Cu2+, and Fe as Effectors of 
Antibacterial Activity 
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The concentration of total ions in the CB leachates did not directly correlate to 
antibacterial activity.  Thus, we hypothesized that specific, toxic ionic species may be at 
higher concentrations in the antibacterial leachates, CB07-L and CB10-L, compared to 
the CB08-L and CB09-L non-antibacterial leachates.  To test this hypothesis, we used 
Visual MINTEQ to model the ion speciation and solubility patterns in the CB leachates.  
Figure 3.6A shows the concentration and soluble ion species of Zn, Ni, Co, Cu, and Fe 
predicted to be present in the CB clay mixture leachates.  CB07-L has the highest 
concentration of all measured species followed by CB08-L, CB09-L, and CB10-L 
(Figure 3.6A), which is consistent with the pattern of the total concentration of these ions 
in the leachates, with the exceptions of Fe3+ and Co3+ species.  Metals are more soluble in 
lower pH environments, thus the larger concentration of metals in CB07-L is likely due 
to the lower pH of this leachate.  Of all the species tested, Cu2+ is the only species that is 
higher in both CB07-L and CB10-L than in CB08-L and CB09-L, making it a possible 
candidate for contributing to antibacterial activity.  Since antibacterial activity is 
diminished with increasing pH, we modeled speciation changes that occur between pH 3 
to 6 (Figure 3.6B).  While the concentrations of Co2+, Cu1+, Cu2+, Ni2+, and Zn2+ did not 
change over this pH range, Fe3+ and Co3+ concentrations decreased while the 
concentration of Fe2+ increased when pH decreased (Figure 3.6B).  The increase of Fe2+ 
in a lower pH environment suggests its involvement in the antibacterial activity of the 
leachates.   
Single variable regression analyses revealed that Zn2+, Ni2+, Co2+, and Cu2+ 
concentrations are positively associated with increased antibacterial activity against E. 
coli, while Zn2+, Co2+, and Cu2+ are positively associated with antibacterial activity  
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Figure 3.6: Concentrations and ionic species predicted to be present in the CB mineral 
leachates (A). Ion speciation (%) at respective ion concentrations present in CB07-L 
between pH 3 – 6 as predicted by Visual MINTEQ (B). 
 
 
against MRSA (p < 0.01).  These four species, Zn2+, Ni2+, Co2+, and Cu2+, were highly 
correlated (R2 > 0.93 for each pair of ion species), thus it remains unknown which one (or 
more) of these species is a key contributor to antibacterial activity.  We constructed 
multivariate regression models to examine the combined role of different ion species and 
pH on antibacterial activity.  The multivariate regression statistical models revealed that 
pH, Ni2+, Fe2+, and Fe3+ best explained antibacterial activity against E. coli (R2 = 0.904), 
while pH, Co2+, Co3+, Fe2+, and Fe3+ best explained antibacterial activity against MRSA 
(R2 = 0.786).  We should note that a limitation of the speciation modeling and ICP 
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analyses is that neither includes information about anions, such as sulfur anions, 
potentially present in the leachates.  Sulfite, for example, increases in toxicity with 
decreasing pH, consistent with the toxicity pattern seen in the leachates (Babich and 
Stotzky 405-417).  The pyrite and jarosite minerals present in the CB clay mixtures are 
both sulfur composite minerals offering a potential source of sulfur to the clay mixture 
suspensions and leachate solutions.  Thus, further analyses evaluating the presence and 
toxicity of anions must be performed to address anions as possible sources of toxicity. 
3.5 Conclusions 
Overall, ICP analyses demonstrated that the concentrations of Fe, Co, Cu, Ni, and 
Zn vary greatly among the four CB mineral leachates.  Non-antibacterial CB leachates 
supplemented with these additional ions and adjusted to a lower pH exhibited increased 
antibacterial activity. However, when the pH of the ion-supplemented leachate is 
increased, the solution loses antibacterial activity.  Univariate regression analyses 
revealed that Zn2+, Ni2+, Co2+, and Cu2+ concentrations were positively correlated with 
antibacterial activity in E. coli and that Zn2+, Co2+, and Cu2+ concentrations were 
positively correlated with antibacterial activity in MRSA.  While pH is an important 
factor in the speciation of metal ions, we demonstrated that killing activity is not solely 
attributed to pH.  Together, these analyses further indicate that the concentration and 
speciation of exchangeable metal ions are responsible for antibacterial activity and that 
pH alone is not responsible for killing.  Because of the natural variability across natural 
clay mixture samples and the correlated variability in antibacterial activity, efforts must 
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be taken to standardize the composition of these minerals to ensure consistent 
antibacterial efficacy. 
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CHAPTER 4 
Metal-catalyzed oxidative stress does not cause clay leachate antibacterial activity 
 
4.1 Abstract 
We have identified a natural clay mixture with broad-spectrum in vitro 
bactericidal activity.  Due to a net negative surface charge, clays naturally bind cations.  
Aqueous leachates (CB-L), prepared from these antibacterial clays, release metal ions 
into suspension, have a low pH (3.4 – 5), generate reactive oxygen species (ROS) and 
H2O2, and have a high oxidation-reduction potential.  To isolate the role of pH in the 
antibacterial activity of CB clay mixtures, we exposed three acid-responsive strains of 
Escherichia coli O157:H7 to clay suspensions.  The clay suspension completely killed 
the acid-sensitive and acid-tolerant E. coli O157:H7 strains, whereas a low-pH buffer 
resulted in a minimal decrease in viability, demonstrating that low pH alone does not 
mediate antibacterial activity.  The prevailing hypothesis is that metal ions participate in 
redox cycling and produce ROS, leading to oxidative damage to macromolecules and 
resulting in cellular death.  However, E. coli cells showed no increase in DNA or protein 
oxidative lesions and a slight increase in lipid peroxidation following exposure to the 
antibacterial leachate.  Further, supplementation with numerous ROS scavengers 
eliminated lipid peroxidation, but did not rescue the cells from CB-L-mediated killing.  In 
contrast, supplementing CB-L with metal chelators reduced killing.  Finally, CB-L was 
equally lethal to cells in an anoxic environment as compared to the aerobic environment.  
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Thus, ROS were not required for lethal activity and did not contribute to toxicity of CB-
L.  We conclude that clay-mediated killing is not due to oxidative damage, but rather via 
toxicity associated directly with released metal ions. 
4.2 Introduction  
Misuse of antibiotics has led to the rapid increase in antibiotic-resistant bacteria 
and is contributing to the depletion of effective antimicrobial therapies (Okeke, 
Lamikanra, and Edelman 18-27; Kollef 298; Klevens et al. 1763-1771).  We identified a 
natural clay mixture, designated CB, with broad-spectrum bactericidal activity (Otto and 
Haydel e64068; Otto et al. 1-13; Cunningham et al. e9456; Haydel, Remenih, and 
Williams 353 - 361).  Clay minerals have been used for a multitude of medicinal 
applications throughout recorded history (Otto and Haydel 1169-1180).  Most recently, 
clays were used to successfully treat Buruli ulcer, a difficult-to-treat necrotic skin 
infection caused by Mycobacterium ulcerans.  However, the antibacterial mechanism of 
action of bactericidal clay mixtures remains unknown. 
 Previously, we showed that aqueous leachate extracts (CB-L) prepared 
from the natural clays, but devoid of physical particles, maintain in vitro antibacterial 
activity.  Thus, killing is dependent on the abiotic chemical, not physical, properties of 
hydrated clay suspensions (Otto and Haydel e64068; Otto et al. 1-13; Cunningham et al. 
e9456).  When in hydrated suspension, the pH range of CB minerals is 3-4 (Otto and 
Haydel e64068).  While we have previously shown that CB killing activity is dependent 
on a low pH environment, the acidic environment generated by CB minerals does not 
solely mediate toxicity (Cunningham et al. e9456).  Thus, the first goal of the present 
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study was to determine whether the acidic environment itself is exerting a degree of 
toxicity or whether it is simply necessary to maintain the desorbed metal ions in their 
more toxic speciation. For example, Fe is more toxic in acidic environments due to the 
increased solubility and reactivity of its reduced form, whereas Cu, Zn, and Cd are more 
toxic in elevated pH environments due to less competition with protons for cellular 
binding sites and less efflux (Touati 1-6; Halliwell and Gutteridge 1; Sandrin and Maier 
2075-2079). E. coli O157:H7 was used as the model organism during low pH 
experimentation as specific strains offer extreme acid resistance resulting from cross 
protection between three well-characterized acid-response systems (Chung, Bang, and 
Drake 52-64; Lin et al. 4097-4104). The first acid-resistance system (AR1) is induced 
upon entry into stationary phase and involves activation of the RpoS general stress 
response (Hengge 40-53; Castanie-Cornet et al. 3525-3535; Lin et al. 3094-3100). The 
second (AR2) and third (AR3) acid-resistance systems are similar to one another and 
function by creating a pH gradient through intracellular proton consumption, thus, 
allowing the cytoplasmic pH to remain higher than the extracellular environment 
(Rowbury and Goodson 49-55; Hersh et al. 3978-3981; Castanie-Cornet et al. 3525-3535; 
Small and Waterman 214-216; Stim and Bennett 1221-1234). 
 Speciation modeling of ions present in CB-L revealed increased 
concentrations of soluble Cu2+ and Fe2+ in the antibacterial leachates, compared to non-
antibacterial leachates, suggesting that these ionic species are modulating the 
antibacterial activity of the leachates (Otto and Haydel e64068).  Fe and Cu are known to 
participate in the Fenton and Fenton-like reactions, respectively, whereby the metal reacts 
with H2O2 to produce a hydroxyl radical (Winterbourn 969-974).  Current dogma asserts 
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that reactive oxygen species (ROS)-driven oxidative damage to macromolecules is 
directly responsible for killing bacteria whereby H2O2 diffuses into the cells, damages 
DNA, and kills the cells (Morones-Ramirez et al. 190ra81; Lloyd, Carmichael, and 
Phillips 420-427).  For example, Lloyd et al. (Lloyd, Carmichael, and Phillips 420-427) 
showed that salmon sperm DNA exposed to H2O2 along with at least one of nine different 
transition-metal ions showed significant increases in 8-hydroxydeoxyguanosine (8-
OHdG).  DNA damage has been shown to be iron-dependent, suggesting that the damage 
is actually from hydroxyl radicals or ferryl radical intermediates produced by the Fenton 
reaction (Fang 820-832; McCormick, Buettner, and Britigan 622-625).  Much of the 
information that we currently have related to oxidative stress relates directly to 
intracellular, not extracellular, oxidative stress (Gonzalez-Flecha and Demple 13681-
13687; Slauch 580-583).  However, hydroxyl radicals are so reactive that they can only 
diffuse 5-10 molecular diameters before reacting nonspecifically with any reactive 
molecule in its vicinity (Pryor 657-667).  Considering the high reactivity of hydroxyl 
radicals, superoxide, peroxynitrite, and hydrogen peroxide, oxidative damage to 
biological molecules is diffusion limited, and thus, exogenous ROS may not act on 
intracellular targets.  Here, we report evidence that metal-catalyzed oxidative damage is 
not responsible for antibacterial clay leachate-mediated killing.  We also demonstrate that 
metal chelators, not ROS scavengers or carbon supplements, disrupt antibacterial leachate 
killing and that bactericidal activity occurs in an anaerobic environment, thus overturning 
the hypothesis that metal-catalyzed oxidative stress causes clay leachate antibacterial 
activity in vitro.   
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4.3 Materials and Methods 
4.3.1 Bacterial strains and inoculum preparation 
E. coli ATCC 25922, E. coli O157:H7 ATCC 43889 (acid-tolerant), ATCC 43890 
(acid-sensitive), and ATCC 43895 (acid-resistant) were obtained from the American 
Type Culture Collection (Berry and Cutter 1493-1498). For non-induced experiments, E. 
coli ATCC 25922 and E. coli O157:H7 were grown overnight in Luria-Bertani (LB) 
broth and trypticase soy broth (TSB), respectively, for 13-16 h at 37°C with gentle rotary 
mixing.  Stationary-phase cultures were prepared by diluting overnight cultures into fresh 
growth medium to a starting cell density of 107 or 108 CFU/ml.  Exponential phase 
cultures were prepared by diluting overnight cultures to a concentration of 107 CFU/ml 
into fresh growth medium and continuing growth at 37°C until the cultures reached mid-
logarithmic phase.  Prior to exposure, the cells were pelleted via centrifugation for 5 min 
at 13,000 × g, washed with either 0.85% saline or 0.1× phosphate-buffered saline (PBS), 
pelleted via centrifugation for 5 min at 13,000 × g, and suspended in the appropriate 
experimental media.  For acid-resistance induction experiments, acid-tolerant E. coli 
O157:H7 was grown overnight in LB broth or LB broth supplemented with 0.4% glucose 
(LBG) with gentle rotary mixing at 37°C for 13-16 h.  Non-induced stationary-phase E. 
coli O157:H7 (ATCC 43889) cells were suspended in EG medium, a minimal salts 
medium (73 mM K2HPO4, 17 mM NaNH4HPO4, 0.8 mM MgSO4) with 10 mM citrate 
and 0.4% glucose, and chemically-induced cells were suspended in EG medium with the 
addition of 2 mM glutamate (EG + G). 
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4.3.2 Clay mixtures and clay mixture leachates.   
Clay mixture leachates were prepared as previously described (Otto et al. 1-13; 
Cunningham et al. e9456) with minor modifications.  Briefly, CB-L was obtained by 
continuously stirring clay mineral mixtures (1 g/10 ml) in sterile, ultrapure, deionized 
H2O (dH2O) for 18-24 h, followed by centrifugation (31,000 × g) for 3 h at 4°C. The 
aqueous supernatant (leachate) was then sterilized by passage through a 0.22 µm filter. 
4.3.3 Aerobic viability assays.   
All experiments were accompanied by cell viability assays.  Cell viability was 
determined by plating in duplicate on LB plates either directly from the experimental 
samples or following appropriate 10-fold dilutions at the specified times.  CFU/ml was 
determined following overnight incubation at 37ºC.  
4.3.4 Anaerobic incubations and viability assays.   
CB leachate and exponential phase E. coli ATCC 25922 cells were prepared as 
described above.  Anaerobic UV ultrapure water and CB-L were prepared by sparging the 
solutions for 30 min with a steady stream (8 PSI) of compressed nitrogen (99.97% pure, 
Airgas, Riverside, CA) through a 1 L bottle of water at room temperature (Popat and 
Deshusses 7856-7861).  Bacterial cells were transferred to the anaerobic chamber, 
resuspended in the anaerobically-prepared solutions, and incubated under anoxic 
conditions at 37°C.  Cell viability was determined by plating in duplicate on LB plates 
either directly from the experimental samples or following appropriate 10-fold dilutions 
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at the specified times.  CFU/ml was determined following aerobic overnight incubation at 
37ºC. 
4.3.5 pH experiments.   
Initial screening experiments were performed to observe viability of acid-
sensitive, non-induced acid-tolerant, and naturally acid-resistant E. coli O157:H7 when 
exposed to 10% suspensions of CB mixtures compared to a low-pH phosphate buffer.  
The pH of a 10% CB suspension is 3.1 - 3.3, so a low-pH 100 mM phosphate buffer (pH 
3.1) was used for control experiments.  Acid resistance was chemically induced in acid-
tolerant E. coli O157:H7 by the addition of 2 mM glutamate to EG medium just prior to 
addition of 1% CB minerals.  During acid-resistance induction, the pH of experimental 
media was adjusted to pH 2.5 with 1 M HCl. 
4.3.6 H2O2 detection assays.   
H2O2 measurements were performed using the Fluorescent Hydrogen 
Peroxide/Peroxidase Detection Kit following the manufacturer’s protocol (Cell 
Technology, Inc., Mountain View, CA).  Stationary-phase E. coli ATCC 25922 (107 
CFU/ml) was prepared as described above and exposed to either 10% CB mixture 
suspension or CB-L.  Briefly, at designated times, 150 µl aliquots were removed and 
centrifuged for 5 min at 13,000 × g, and 50 µl of the supernatant was transferred to a 96-
well plate in duplicate.  The samples were mixed with the reaction cocktail and incubated 
for 15 min in the dark at room temperature prior to generating fluorescence readings on a 
Molecular Devices SpectraMax M2 microplate reader (Sunnyvale, CA) at Ex/Em 
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570/600 nm. Background H2O2 levels of E. coli ATCC 25922 incubated in H2O were 
subtracted from reported results.  A standard curve using different H2O2 concentrations 
was generated as a positive control and to quantify H2O2 concentration in experimental 
samples. 
4.3.7 ROS detection.   
Prior to ROS detection, cells were incubated in 1 mM dihydrorhodamine (DHR) 
for 30 min, washed in 0.85% saline solution, and suspended in the appropriate 
experimental medium.  E. coli ATCC 25922 cells exposed to 5 mM diamide were used as 
a positive control for ROS production.  A Cytomics FC 500 flow cytometer (Beckman 
Coulter, Inc., Brea, CA) fitted with a 488 nm excitation laser was used to measure ROS 
production in the intracellular environment during CB-L exposure.  Exponential-phase E. 
coli (108 CFU/ml) was exposed to CB-L and incubated at 37°C with gentle rotary mixing 
for the specified time.  Fluorescence was detected with the flow cytometer using channel 
FL1 with a 525 nm bandpass filter.  A Molecular Devices SpectraMax M2 microplate 
reader was used to measure ROS production in CB-L without cells and of the E. coli 
intracellular environment while in the presence of CB-L.  For these experiments, 
stationary-phase E. coli (107 CFU/ml) was exposed to CB-L and incubated at 37°C with 
gentle rotary mixing for the specified time.  Fluorescence was measured at an excitation 
of 485 nm and emission of 525 nm. 
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4.3.8 Carbon, chelator, and ROS scavenger supplementation.   
E. coli ATCC 25922 cells were grown to mid-logarithmic phase, diluted to a 
starting density of 107 CFU/ml, and washed in 0.85% sterile saline.  Glucose (40 mM), 
EDTA (10 mM), DMSO (1%), and thiourea (150 mM) were added to the antibacterial 
CB leachate and incubated for 1 h at room temperature prior to exposure.  Washed cell 
pellets were resuspended in dH2O or CB-L with and without the addition of glucose, 
EDTA, DMSO, or thiourea.  At designated times, 100 µl aliquots were removed and 
appropriate 10-fold dilutions were performed to determine viable CFU/ml. 
4.3.9 ELISA to detect 8-OHdG and oxidatively-damaged nucleic acids.   
E. coli ATCC 25922 cells were grown to mid-logarithmic phase, diluted to a 40 
ml volume at a density of 5 × 108 CFU/ml, washed in 0.85% sterile saline, and 
resuspended in experimental conditions (dH2O, CB-L, 2 mM H2O2 in dH2O, 1% DMSO, 
10 mM EDTA, each independently dissolved in dH2O or CB-L, respectively).  At the 
designated times, 100 µl aliquots were removed and appropriate 10-fold dilutions were 
performed to determine viable CFU/ml.  In addition, 20 ml samples were removed, 
pelleted at 4,000 RPM for 10 min, and subjected to DNA extraction.  To coat the wells, 
100 µL aliquots of 0.1% poly-L-lysine were added to 96-well plates (Corning, high bind 
EIA) for 5 min at room temperature and removed via aspiration prior to subsequent 
experimental use.  Plates were loaded with quadruplicate 50 µl samples of 100 ng/ml 
nucleic acids and allowed to dry overnight in a 37°C incubator.  Once dry, the plates were 
incubated without agitation in blocking buffer (1× PBS, 1.5% FBS) for 1 h at 37°C and 
subsequently washed 3× with wash buffer (1× PBS, 0.5% Tween 20).  100 µl aliquots of 
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the anti-8-OHdG antibody (1:20,000 in blocking buffer) were added to each well of the 
96-well plate, and the plate was incubated without agitation for 1 h at 37°C.  After 
washing 3× with wash buffer, 100 µl of enzyme-linked secondary antibody was added to 
each well.  Incubation was performed at room temperature for 1 h and subsequently 
washed 3× with wash buffer.  Finally, to allow for color development, 100 µL of 4-
methylumbelliferyl phosphate (Sigma) solution was added to each well, and the plate was 
incubated without agitation for 30-60 min at 37°C.  Fluorescence was measured on a 
microtiter plate reader (Molecular Devices SpectraMax M2) using wavelengths of 360 
and 440 for excitation and emission, respectively. 
4.3.10 Protein oxidation.   
E. coli ATCC 25922 cells were grown to mid-logarithmic phase, diluted to a 20 
ml volume at a density of 1 × 108 CFU/ml, washed in 0.85% sterile saline, and 
resuspended in either ultrapure water, 2 mM H2O2, or CB-L.  At the designated times, 
100 µl aliquots were removed and appropriate 10-fold dilutions were performed to 
determine viable CFU/ml.  In addition, 10 ml samples of the culture were removed, 
pelleted at 4,000 RPM for 5 min, and resuspended in 500 µl of lysis buffer (10 mM 
HEPES, pH 7, 6% SDS).  To collect cell extracts containing the total protein population, 
the pellets were resuspended in 500 µl of a lysis buffer and boiled for 5 min. Carbonyl 
derivatization was completed according to methods described by Shacter et al. (Shacter et 
al. 429-437).  Briefly, 200 µl of 2,4-dinitrophenylhydrazine in 2 M HCl was added to 1 
mg of protein, gently mixed, and incubated at room temperature for 30 min.  Proteins 
were then precipitated by the addition of 200 µl of 20% trichloroacetic acid and pelleted 
 92 
 
at 13,000 RPM for 5 min.  The pellets were washed three times in 1:1 ethanol:ethyl 
acetate for 10 min each, dried for 10 – 20 min, and resuspended in 600 µl of 6M 
guanidine in 20 mM NaPO4.  Duplicate 200 µl samples were transferred to a 96-well 
plate, and the A280 and A360 readings were measured for each sample with a Molecular 
Devices Spectramax M2 spectrophotometer.  Carbonyl concentration was calculated with 
a molar extinction coefficient of 22,000 M-1 cm-1.  Reported carbonyl values were 
normalized across the samples based on measured protein concentration. 
4.3.11 Lipid peroxidation.   
Lipid peroxidation measurements were generated using the Lipid Peroxidation 
(MDA) Assay kit (Abcam, Cambridge, MA) according to the manufacturer’s guidelines.  
Briefly, E. coli ATCC 25922 cells were grown to mid-logarithmic phase of growth, 
diluted to 108 CFU/ml, and washed in 0.85% sterile saline prior to exposure to ultrapure 
H2O, 2 mM H2O2, or CB-L.  At each time point, 400 µl of the sample was collected, 
pelleted, resuspended in the manufacturer’s lysis buffer, and subjected to bead beating 
two times for 30-sec intervals.  The lysates were pelleted, the supernatant was
 
processed 
with thiobarbituric acid, and the fluorescent lipid peroxidation products were measured 
on a microtiter plate reader (Molecular Devices SpectraMax M2) using wavelengths of 
532 and 553 for excitation and emission, respectively. 
4.3.12 Preparation of metal ion stock solutions and metal salt mixtures.   
Metal ion stocks were prepared by adding chloride salts to a final concentration of 
100 mM in dH2O.  Two different synthetic microbicidal mixtures (SMM3 and SMM16) 
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were prepared by diluting metal ion stocks in dH2O to the concentrations found in CB07-
L (Otto and Haydel e64068).  Elemental chemistry of the CB leachates were previously 
measured by ICP-MS and described in Otto et al. (Otto and Haydel e64068).  Briefly, the 
following metal concentrations were used to prepare SMM3: Li (Sigma), 7.62 µM; Be(II) 
(Sigma), 0.80 µM; Na (Fisher), 171.61 µM; Mg(II) (Sigma), 773.11 µM; Al(III) (Sigma), 
1079.6 µM; Ca(II) (Sigma), 6911.18 µM; Ti(IV) (Sigma), 0.01 µM; V(III) (Sigma), 0.49 
µM; Mn(II) (Sigma), 99.31 µM; Fe(III) (Sigma), 229.88 µM; Co(II) (Sigma) 3.38 µM; 
Ni(II) (Sigma), 3.46 µM; Cu(II) (Sigma) 3.18 µM; Zn (Sigma) 14.52 µM.  The pH of the 
solution was adjusted to 3.5 with 1 M NaOH, and the solution was filter sterilized with a 
0.22 µM filter prior to further use. SMM16 was prepared in an identical manner as 
described above with the following metal ion concentrations: Fe(III), 200 µM; Co(II) 4 
µM,  Cu(II), 80 µM, Zn, 40 µM. 
4.3.13 Statistical analyses.   
An unpaired Student’s t test was used to confirm statistical significance in the 
enzyme assay experiments. A two-tailed p value of < 0.05 was considered statistically 
significant. 
4.4 Results 
4.4.1 Low pH does not mediate clay antibacterial activity 
To determine the role of pH in the antibacterial activity of CB clay mixtures, we 
exposed three acid-responsive strains of Escherichia coli O157:H7 (acid resistant, acid 
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sensitive, and acid tolerant) to a 10% suspension of CB clay.  The clay suspension 
completely killed the acid-tolerant and acid-sensitive E. coli O157:H7 strains (ATCC 
43889 and 43890, respectively) within 30 min, whereas a low-pH buffer resulted in a 
minimal decrease in viability after 2 h (Fig. 4.1A, B).  Time course killing curves 
demonstrated that the more adept acid-response systems in acid-resistant E. coli O157:H7 
significantly slowed the rate of CB-mediated killing and enhanced survival over 2 h (Fig. 
4.1C).  
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Figure 4.1: Stationary-phase acid-sensitive (A), acid-tolerant (B), and acid-resistant (C) 
E. coli O157:H7 in 10% CB suspension (pH 3.1) and low-pH buffer (pH 3.1).  
Stationary-phase cells were grown overnight in LB media.  Data are presented as the 
mean ± standard deviation (SD) for three independent experiments.  The dotted line 
represents the limit of detection. 
 
Acid resistance was chemically induced in the acid-tolerant E. coli O157:H7 
ATCC 43889 strain by supplementing the media with glutamate during CB mineral 
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exposure.  AR2 transports glutamate into the cell via the antiporter GadC, converts 
glutamate to γ-amino butyric acid (GABA) by glutamate decarboxylase (GadA and 
GadB), and transports GABA out of the cell via GadC.  During this continuous 
glutamate-to-GABA conversion, intracellular protons are consumed, thus raising the 
cytoplasmic pH and creating a pH gradient (Rowbury and Goodson 49-55; Hersh et al. 
3978-3981; Waterman and Small 3882-3886).  Additionally, to eliminate cross protection 
between stationary-phase induced AR1 and glutamate-induced AR2, low pH experiments 
were also performed following overnight bacterial growth in glucose-supplemented 
medium which suppresses AR1 (Castanie-Cornet et al. 3525-3535).  Induction of AR2 in 
acid-tolerant E. coli O157:H7 delayed the time required for the CB suspension to 
completely kill the cells (Fig. 4.2); however, after a 2 h exposure to 1% CB, chemically-
induced acid resistant E. coli O157:H7 was completely killed (Fig. 4.2).  Together, these 
data confirm that the low pH environment influences the rate at which CB clay mixtures 
kill, but does not directly mediate microbicidal activity. 
 
Figure 4.2: (A) Stationary-phase inducible-acid-tolerant E. coli O157:H7 was grown 
overnight in LB and challenged in EG (pH 2.5) with (I, induced) or without (NI, non-
induced) 2 mM glutamate.  (B) Stationary-phase inducible-acid-tolerant E. coli O157:H7 
was grown overnight in LB + 0.4% glucose (LBG) and challenged in EG (pH 2.5) with 
(I) or without (NI) 2 mM glutamate.  Experimental samples were exposed to a 1% CB 
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suspension for 2 h.  Data are presented as the mean ± SD for three independent 
experiments.  The dotted line represents the limit of detection. 
 
4.4.2 Hydrated antibacterial clays and derived leachates generate H2O2.   
We used a fluorescence detection system to measure H2O2 production in clay and 
leachate samples in the presence and absence of E. coli ATCC 25922 and observed 
continuous generation of 3 – 4 µM H2O2 in 10% suspensions of CB clay mixtures (Fig. 
4.3).  When the experimental medium was supplemented with up to 5 µM H2O2, the 
H2O2 was rapidly scavenged by the cells and was not detectable after 1 h.  Together, 
these data suggest that any H2O2 scavenged by the bacterial cells is rapidly regenerated 
by the hydrated CB clay mixtures or leachates, thus, resulting in a steady state 
concentration over time (Fig. 4.3).  H2O2 levels were slightly lower in CB-L with 
detected fluorescence correlating to 1 – 2 µM H2O2 when compared to a standard curve 
(Fig. 4.3).  These lower H2O2 levels measured in CB-L could be due to the absence of CB 
clay mixtures required for surface-mediated production of H2O2 (Borda et al. 283-288; 
Ahlberg and Elfström Broo 73-89).  While there was continuous generation of 1 – 4 µM 
H2O2 in the clays and leachates, it is known that E. coli (strain AB1157) can produce and 
tolerate as much as 4 µM s-1 H2O2 during active growth (Gonzalez-Flecha and Demple 
13681-13687). 
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Figure 4.3: Hydrogen peroxide concentration in 10% CB suspensions and CB-L.  
Hydrogen peroxide levels were measured in 10% CB suspensions and CB-L with or 
without the addition of stationary-phase E. coli.  Values represent the average H2O2 
concentration ± SD for three independent experiments.  
 
4.4.3 Hydrated antibacterial clays and derived leachates lead to intracellular and 
extracellular ROS.   
To determine the location of potential reactive oxygen toxicity, we assessed 
intracellular and extracellular ROS production.  We measured 12-fold and 10-fold 
increases in ROS production in CB-L, as compared to an H2O-only control, after 12 h 
and 24 h, respectively (Fig. 4.4).  Following 12 h and 24 h CB-L exposures, flow 
cytometric analyses of E. coli ATCC 25922 cells revealed 3-fold and 2-fold increases in 
ROS production, respectively, as compared to the water-exposed control (Fig. 4.4).  The 
measured oxidation-reduction potential of CB10-L is 593.3 mV, demonstrating that the 
solution is strongly oxidizing, particularly when compared to the oxidation-reduction 
potential of UV-irradiated ultrapure H2O (432.6 mV) (Otto and Haydel e64068). 
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Figure 4.4: Extracellular and intracellular ROS production.  ROS was measured in CB-L 
without the presence of cells (extracellular; using a plate reader), exclusively in the 
intracellular environment of exponential-phase E. coli following CB-L exposure 
(intracellular; using flow cytometry), and in the inclusive intracellular and extracellular 
environment of stationary-phase E. coli during CB-L exposure (intracellular + 
extracellular; using a plate reader).  Cells were grown overnight, transferred to fresh 
growth media and grown to mid-logrithmic phase, washed, and exposed to CB-L for 2 h.  
Reported values represent the ROS production fold change of CB-exposed cells 
compared to water-exposed cells.  Data are presented as the mean ± SD for three 
independent experiments. 
 
4.4.4 Antibacterial leachates induce lipid peroxidation lesions in E. coli ATCC 25922.   
We measured the production of oxidative lesions in DNA, proteins, and lipids 
following leachate exposure.  First, we used a carbonyl-derivative-based biomarker assay 
to measure direct oxidation of amino acid side chains in total protein samples of E. coli 
following CB-L exposure. Compared to water-exposed controls, exposure to CB-L did 
not increase protein oxidative lesions (Fig. 4.5A).  Next, we used an ELISA-based 
method to measure changes in 8-oxo-2'-deoxyguanosine concentrations (8-OHdG), a 
well-characterized biomarker for DNA lesions induced by oxidative stress (Toyokuni et 
al. 365-374).  Compared to water-exposed controls, no increase in 8-OHdG was detected 
following E. coli exposure to CB-L for 4 h (Fig. 4.5B).  Finally, we used a 
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malonaldehyde (MDA)-based assay to quantify the extent of lipid peroxidation in E. coli 
cells following CB-L exposure.  Data from these experiments demonstrated that after 
exposure of E. coli to CB-L, lipid peroxidation significantly increased by 12% (p = 
0.019) over the water-exposed control cells (Fig. 4.5C).  In summary, CB-L mediated 
bactericidal activity (Fig. 4.5D, Fig. 4.6) and significantly increased lipid peroxidation, 
but did not induce DNA or protein oxidative damage. 
4.4.5 Supplementation with glucose does not rescue cells from clay-mediated killing.  
Metabolite profiling studies in E. coli K-12 strain JM101 utilizing C13 glucose 
labeling demonstrated that conserved post-transcriptional rerouting of the central carbon 
metabolic fluxome may be instrumental in combating oxidative stress and works to 
counteract oxidative shifts in the cytoplasmic redox state (Grant 1; Ralser et al. 10; 
Averill-Bates and Przybytkowski 52-58; Rui et al. 122-0509-4-122).  Collectively, the 
metabolic redistribution inactivates specific enzymes in the glycolytic pathway resulting 
in an increased flux through the pentose phosphate pathway (PPP). Induction of the PPP 
results in increased production of nicotinamide adenine dinucleotide phosphate-oxidase 
(NADPH) which is essential in maintaining the function of key antioxidant systems and 
other cellular processes (Ralser et al. 10; Grant 1; Rui et al. 122-0509-4-122).  We 
supplemented the antibacterial CB clays with glucose and assessed the bacterial viability 
following clay exposure.  With the addition of glucose, CB-mediated killing was 
maintained, indicating that the bacterial cells are being rapidly killed via mechanisms 
other than oxidative stress. 
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4.4.6 Supplementation with metal chelators rescues cells from clay-mediated killing.  
We supplemented CB-L suspensions with EDTA and assessed subsequent 
changes in E. coli ATCC 25922 viability.  EDTA is broad-spectrum chelator that has a 
high affinity for divalent and trivalent metal ions.  The formation constants of EDTA-
metal complexes vary depending on the pH of the solution, with a general increase in 
affinity with decreasing pH (Harris 236-257).  EDTA is a hydrophilic molecule that does 
not penetrate cell membranes; thus, EDTA will only chelate metals outside the cell.  In a 
previous study, Jayasena et al. (Jayasena et al. 454-461) exposed human neuroblastoma 
cells to Fe and H2O2 to induce hydroxyl radical stress.  In these conditions, subsequent 
supplementation with EDTA was not shown to significantly reduce hydroxyl radical 
production (Jayasena et al. 454-461).  When CB10 leachate was supplemented with 
EDTA, E. coli survival was significantly increased (p = 0.004), indicating that the metals, 
not hydroxyl radicals, are killing the cells (Fig. 4.5D, Fig. 4.6).  When 10% suspensions 
of CB10 were supplemented with DMSO, E. coli cells exhibited the same degree of 
killing as compared to 10% CB10 alone (Fig. 4.5D, Fig. 4. 6).  Supplementation with 
DMSO during CB-L exposure eliminated lipid peroxidation (Fig. 4.5C).  However, 
despite supplementation-based restoration of lipid integrity to levels comparable to the 
water-exposed control, CB-L maintained the same, or more, killing activity (Fig. 4.5D, 
Fig. 4.6).  Further, when 150 mM thiourea was added to the CB07 clay aqueous leachates 
or water immediately prior to contact with E. coli ATCC 25922, antibacterial activity 
remained unchanged, resulting in complete killing of E. coli within 24 h (Cunningham et 
al. e9456).  In summary, supplementation with ROS scavengers did not restore viability, 
whereas supplementation with metal chelators reduced CB-L killing. 
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Figure 4.5: Assessment of E. coli oxidative damage to proteins (A), DNA (B), and lipids 
(C) and killing (D) upon exposure to CB-L and ROS scavengers or metal chelators.  (A) 
Oxidative damage to protein samples collected from E. coli exposed to H2O, 2 mM H2O2, 
and CB-L with and without the addition of catalase, DMSO, and EDTA.  Values 
represent the concentration of total carbonylated protein lesions formed as a result of 
protein oxidation during control and experimental exposures.  Error bars represent the 
standard error of the mean (SEM) for three independent experiments.  (B) 8-OHdG levels 
measured in E. coli following CB-L exposure with and without the addition of catalase, 
DMSO, or EDTA.  Error bars represent the SEM for three independent experiments.  (C) 
Lipid peroxidation levels measured in E. coli exposed to H2O, 2 mM H2O2, and CB-L 
with and without the addition of catalase, DMSO, or EDTA. Values represent the percent 
change in lipid peroxidation over the water-exposed control, and the SEM for three 
independent experiments.  (D) Viability of logarithmic phase E. coli following CB-L 
exposure with and without the addition of catalase, DMSO, or EDTA.  Error bars 
represent the SEM for three independent experiments.  The dotted line represents the 
limit of detection. 
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Figure 4.6: Comparison of log10 change in E. coli viability following exposure to CB10-
L with and without the addition of glucose, EDTA, DMSO, and thiourea. 
4.4.7 Clay leachate sustains antibacterial activity in an anoxic environment.   
We exposed E. coli to CB-L under anoxic conditions, whereby ROS are not 
formed due to the lack of molecular oxygen.  Data from time-course exposures of E. coli 
ATCC 25922 to CB-L demonstrated parallel killing rates over 24 h, with complete killing 
occurring in the anoxic-exposed samples after 24 h (Fig. 4.7).  Therefore, CB-L was 
equally lethal to cells in an anaerobic chamber as to cells incubated in an aerobic 
environment.  Thus, reactive oxygen species were not required for lethal activity and did 
not contribute to toxicity of CB-L. 
 
Figure 4.7: Assessment of E. coli viability during exposure to CB-L under aerobic and 
anoxic conditions.  Error bars represent the SEM for three independent experiments.  The 
dotted line represents the limit of detection. 
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4.4.8 Solutions of metal ion salts completely kill E. coli and MRSA.   
We previously used inductively coupled plasma mass spectrometry (ICP-MS) to 
analyze the concentration of metal cations present in the natural CB leachates (Otto and 
Haydel e64068).  Using the concentrations presented in Otto et al (Otto and Haydel 
e64068), we prepared solutions of metal chloride salts, termed synthetic microbicidal 
mixtures (SMMs), that contained these metals at the same concentration and pH as in the 
natural leachate and tested these solutions for antibacterial activity against E. coli ATCC 
25922 and MRSA.  SMM3, which was composed of all metals through Zn on the 
periodic table (see Materials and Methods for a complete list), completely killed E. coli 
and MRSA after a 24 h exposure (Fig. 4.8).  Previous experiments in our lab 
demonstrated that E. coli shows increased survival in CB07-L that has been 
supplemented with desferrioxamine, which readily chelates Fe, Co, Cu, Ni, and Zn 
(Keberle 758-768).  We, therefore, prepared SMM16 which contained only Fe, Co, Cu, 
and Zn metal salts.  This SMM16 solution completely killed E. coli and exhibited 
bactericidal properties against MRSA after a 24 h exposure (Fig. 4.8).  
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Figure 4.8: Assessment of E. coli (A) and MRSA (B) viability following exposure to 
solutions of metal salts.  The dotted line represents the limit of detection. 
4.5 Discussion 
Some metals are known to exhibit toxicity in humans and some bacterial species.  
Previous literature reports that redox–active and –inactive metals increase production of 
hydroxyl radicals, superoxide, or hydrogen peroxide (Imlay 395-418; Freeman et al. 8627 
- 8633; Geslin et al. 901-905) and deplete cellular antioxidant defenses, particularly thiol-
containing antioxidants and enzymes (Ercal, Gurer-Orhan, and Aykin-Burns 529-539).  
The exhaustion of antioxidant defenses is hypothesized to lead to oxidative stress and 
subsequent oxidative lesions in cellular lipids, proteins, and DNA.  The toxic effects of 
metal exposure is often attributed to these lesions, as supplementation with extrinsic 
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antioxidants ameliorates damage to the cellular macromolecules (Gaetke and Chow 147-
163).  Here, we corroborate these previous data by demonstrating that antibacterial CB 
clay mixtures and leachates exhibit a strongly oxidizing environment, as revealed by high 
oxidation-reduction potential values (Otto and Haydel e64068), release redox-active 
metal ions (Otto and Haydel e64068), and generate H2O2 and ROS.  We tested the 
hypothesis that metals released from the antibacterial CB clays which, in a low pH 
environment, generate H2O2 and ROS, and, in turn, oxidatively damage cellular 
macromolecules leading to eventual death.  However, we did not observe a significant 
increase in oxidatively-damaged proteins or DNA.  These data are consistent with 
previous literature demonstrating that Cu-exposed E. coli did not exhibit oxidatively-
damaged DNA (Macomber, Rensing, and Imlay 1616 - 1626).  While Cu-supplemented 
cells exhibited substantial hydroxyl radical formation, the authors showed that the 
majority of H2O2-oxidizable Cu was located in the periplasm.  Therefore, most of the Cu-
mediated hydroxyl radical formation occurs in this compartment and away from the DNA 
(Macomber, Rensing, and Imlay 1616 - 1626).  While copper has previously been shown 
to cause oxidative damage to DNA and proteins, the experiments were conducted with 
purified DNA and protein samples and, thus, may not be relevant for living-cell systems 
(Cervantes-Cervantes et al. 229-248). 
Supplementation of the leachate with ROS scavengers, thiourea and DMSO, 
failed to rescue the cells from killing.  While catalase and superoxide dismutase are 
commonly used ROS scavengers, the enzymes were not used in this study because the 
low pH and high metal content of the leachates and clay suspensions would likely cause 
rapid loss of enzymatic activity.  Rather, we supplemented the antibacterial CB leachate 
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with thiourea and DMSO, which maintain ROS scavenging abilities in low pH 
environments (Arifoglu, Marmer, and Dudley 94-100; Crow et al. 331-338). 
Exposure of E. coli ATCC 25922 to clay and leachate under anoxic conditions 
resulted in complete killing, demonstrating that oxygen was dispensable for toxicity.  
Bird et al. (Bird, Coleman, and Newman 3619-3627) recently demonstrated that in an 
anoxic environment, Fe and Cu act synergistically to delay anaerobic growth in E. coli.  
Iron toxicity is often explained by its participation in the Fenton reaction (Fe2+ + H2O2 → 
Fe3+ + HO· + OH−) (Touati 1-6; Cornelis et al. 540-549; Dupont, Grass, and Rensing 
1109-1118); however, this mechanism depends on the presence of O2 and thus cannot 
account for anaerobic toxicity (Bird, Coleman, and Newman 3619-3627). 
Peroxidative damage of lipids correlated with high levels of extracellular ROS 
and metal oxidation, but did not cause lethality.  Recent reports suggest that classic 
antibiotics kill bacteria by indirect formation of ROS (Kohanski et al. 797-810).  
However, additional studies revealed that antibiotic exposures do not produce ROS and 
that lethality likely resulted from the direct inhibition of cell wall assembly, protein 
synthesis, and DNA replication (Liu and Imlay 1210-1213).  These latter data are 
analogous to our data whereby oxidative stress is secondary to the direct mode of killing. 
Here, we showed that exposure to CB clays and leachates generate a strongly 
oxidizing environment (Otto and Haydel e64068).  Previous literature has shown that Cd 
exposure increases the generation of ROS during exposure to bacterial cells (Wang et al. 
1434-1443; Lopez et al. 940-951).  However, because Cd is not a redox-active metal, the 
mechanism of superoxide generation was unclear.  Wang et al. (Wang et al. 1434-1443) 
and Pacheco et al. (Pacheco et al. 271 - 278) demonstrated that Cd interferes with cellular 
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respiration by directly binding to complexes II and III in the electron transport chain in 
liver, brain, and heart mitochondria of guinea pig.  When the function of complex III is 
inhibited in mitochondria, superoxide is generated, leading to further site-specific 
damage; however, the oxidative damage is not the principle mechanism of Cd toxicity 
(Muller, Liu, and Van Remmen 49064-49073; Turrens 3-8; Wang et al. 1434-1443).  
Pacheco et al. (Pacheco et al. 271 - 278) demonstrated that fermenting E. coli K-12 
cultures are less sensitive to Cd toxicity than actively respiring cultures.  Wang and 
Crowley (Wang and Crowley 3259-3266) reported that Cd affects E. coli K-12 
expression of genes associated with protein synthesis, energy metabolism, and cell 
rescue. The up-regulation of genes associated with anaerobic metabolism and the 
shutdown of all high-energy consumption processes such as the biosynthesis of amino 
acids suggests that, upon exposure to Cd, cells switch to an energy conservation mode 
(Wang and Crowley 3259-3266).  In a similar manner, the mechanism of action of Ag 
has been linked with its interaction with thiol group compounds such as those found in 
the respiratory enzymes of bacterial cells (Bragg and Rainnie 883-889; Klasen 117-130; 
Liau et al. 279-283; Feng et al. 662-668). 
Ongoing transcriptomics and genetics studies will be used to investigate direct 
molecular markers of oxidative and metal stress and define the molecular mechanism of 
action.  A comparison of expression profiles from cells exposed to the leachates under 
oxic versus anoxic conditions would also be important to assist in differentiating between 
the mechanism of toxicity in these two environments.  In this report, we corroborate the 
historical correlation between oxidative stress and metal exposure.  However, we reject 
the hypothesis that the oxidative environment, generated by antibacterial clays and 
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leachates, mediates killing.  We collectively conclude that clay-mediated killing is not 
due to oxidative damage, but rather via toxicity associated directly with released metal 
ions. 
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CHAPTER 5 
Natural and ion-exchanged clays reduce bacterial burden in cutaneous methicillin-
resistant Staphylococcus aureus infections in mice 
 
5.1 Abstract 
Clays have been used for medicinal applications throughout recorded history.  
Existing anecdotal evidence from historical practices supports the in vivo use of hydrated 
clay minerals for the treatment of cutaneous bacterial infections.  Data demonstrating the 
in vitro antibacterial activity of clays and clay mixtures complement the historical 
observations; however, further studies are needed to assess the in vivo efficacy, practical 
use, and safety of topical microbicidal clay applications.  Further, the surface behavior of 
different types of clays varies, with some clays being more adsorptive than others, which 
could potentially alter the efficacy of the clays.  These different surface properties can 
lead to variations in the composition and abundance of compounds bound to the surface.  
This discrepancy can lead to some clays that are antibacterial and others that are not.  By 
ion-exchanging clays, we can introduce ions to the clays that are antibacterial at 
concentrations that are antibacterial.  Here, we evaluated the in vivo antibacterial efficacy 
of four natural clays and three ion-exchanged, antibacterial montmorillonite, illite, and 
kaolinite clays against cutaneous methicillin-resistant Staphylococcus aureus (MRSA) 
infections in mice.  To test the in vivo antibacterial efficacy of the natural and ion-
exchanged clays, we first generated a cutaneous MRSA-infected wound by gently 
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scraping the skin with a scalpel blade and inoculating the wound with MRSA prior to 
beginning treatments.  We then applied a hydrated clay poultice to the wounds twice 
daily for seven days.  We observed significant differences in in vivo antibacterial efficacy 
between the different types of clays.  The natural and ion-exchanged illite clays 
performed the best as measured by bacterial load, inflammatory response and gross 
wound morphology with significant decreases in viability and dermatitis.  We conclude 
that natural clays are an effective treatment for cutaneous MRSA infections.  However, 
consideration for the different types of clays must be taken to maximize the treatment 
efficacy. 
5.2 Introduction 
Recent epidemiological studies have demonstrated a steady increase in infections 
due to antibiotic-resistant bacteria (Arias and Murray 439-443; Diekema et al. 78-85).  
These trends of increasing antibiotic resistance demonstrate an ongoing need to 
continuously develop novel therapeutic treatments for bacterial infections.   
Staphylococcus aureus, for example, is a versatile bacterial pathogen that causes a broad 
spectrum of infections such as skin and soft tissue infections (SSTIs), endovascular 
infections, pneumonia, septic arthritis, endocarditis, osteomyelitis, foreign body 
infections, and sepsis (Ala'aldeen and Hiramatsu ; David and Daum 616-687).  S. aureus 
is still a global problem (Ala'aldeen and Hiramatsu ), and the importance of this pathogen 
has escalated in the past two decades due to increasing rates of antibiotic resistance 
(Ala'aldeen and Hiramatsu ).  Studies have shown that rates of hospital-acquired MRSA 
(HA-MRSA) have declined over the past decade whereas infection rates from 
 112 
 
community-acquired MRSA (CA-MRSA) have continued to rise (Prabaker and 
Weinstein ; David and Daum 616-687).  Moreover, in addition to their increasing 
prevalence and incidence, CA-MRSA strains seem to be more virulent than they once 
were.  Overwhelming, tissue-destructive infections, such as necrotizing fasciitis and 
fulminant, necrotizing pneumonia were rarely seen before the emergence of CA-MRSA 
strains (Chambers and DeLeo 629-641; Kennedy et al. 983-985).  Thus, novel treatment 
methods for this pathogen are urgently needed. 
Clays have been used for medicinal applications throughout recorded history as 
treatment for diarrhea (Nunn 240), dietary supplements (Vermeer and Ferrell 634-636), 
topical treatments for surgical wounds (Hewson ).  More recently, clays have been used 
for the topical treatment of Mycobacterium ulcerans infections, or Buruli ulcer, a 
difficult-to-treat necrotic skin disease (World Health Organization ; Haydel, Remenih, 
and Williams 353 - 361; Williams et al. 437 - 452).  In this work, we are evaluating the 
use of clays to treat MRSA infections in mice. 
Clays are small (> 2 µm) phyllosilicate minerals that are plastic when hydrated 
but solid when dry and they have a net negative charge (Bhattacharyya and Gupta 114-
131).  Clays are organized into tetrahedral and octahedral sheets Clays are classified into 
three main classes, smectite, illite, and kaolinite, based on their overall crystal layer 
structure and expandability.  Smectite clays have a 2:1, tetrahedron – octahedron – 
tetrahedron (TOT) layer structure, and the primary constituent of this class is 
montmorillonite.  Smectite minerals have a large surface area, a large cation exchange 
capacity, and exhibit a high expansion (swelling) capability in the presence of H2O.  
Smectites are often referred to as "swelling" or "expandable" clay minerals as these 
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minerals are the most expandable of all the clays (Murray 111-130).  Smectite clays often 
experience isomorphic substitution of ions in the crystal lattice that have a lower positive 
charge.  This substitution leaves the structure with an overall net negative charge.  
Montmorillonite clays have cation exchange capacities (CECs) ranging from 40 – 130 
meq/100g (Murray 111-130) and are used for numerous industrial applications such as in 
drilling mud, as a foundry sand binder, in cat litter, animal feed, cements, and ceramics 
(Murray 111-130). 
Illite, on the other hand, is a non-expanding clay with a 2:1, TOT layer structure.  
Illite has a lower CEC (20-30 meq/100g) than smectite clays, but the CEC is generally 
greater than kaolinite.  The “swelling” property of clays is determined by the ability of 
cations to retain their polar molecule “shell” within the interlayer environment 
(MacEwan and Wilson 197-248).  This property does not exist if the charge of the layer 
is too high or zero.  In the case of illite, the interlayer spaces of illite clays are often 
occupied by poorly hydrated potassium cations which are responsible for the absence of 
swelling, even though the overall structure is made of TOT layers. 
Kaolinite is a layered silicate clay mineral, with one tetrahedral sheet linked 
through oxygen atoms to one octahedral sheet of alumina octahedral, and has a 
low shrink-swell capacity.  Kaolinites rarely experience isomorphic substitutions and, 
therefore, have a low surface charge, leaving kaolinite clays with low absorption and 
adsorption properties (Murray 7-32).  Reported CEC values for kaolinite clays vary 
depending on the source (1-15 meq/100 g), but are generally lower as compared to 
smectite and illite (Murray 7-32). 
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Existing anecdotal evidence from historical practices supports the in vivo use of 
hydrated clay minerals for the treatment of cutaneous bacterial infections (World Health 
Organization ).  Data demonstrating the in vitro antibacterial activity of clays and clay 
mixtures (Otto and Haydel e64068; Cunningham et al. e9456; Haydel, Remenih, and 
Williams 353 - 361) complement the historical observations; however, further studies are 
needed to assess the in vivo efficacy, practical use, and safety of microbicidal clay 
applications.  Further, the surface behavior of different types of clays varies, with some 
clays being more adsorptive than others, and could potentially alter the in vivo 
antibacterial efficacy of the clays. 
Clays have a net negative surface charge which allows the free exchange of 
particles from the environment such as bacteria, viruses, proteins, nucleic acids, and 
cations (McLaren 3586).  When in a hydrated environment, the ionic species adsorbed to 
clay surfaces can be exchanged into the surrounding medium in a manner that depends on 
the ionic strength of the aqueous medium and cation selectivity of the clay (Velde 8-33).  
We previously prepared aqueous clay mixture extracts (leachates) and demonstrated that 
the in vitro antibacterial activity of the natural clay sample is associated with the 
generation of low pH environment and the chemical desorption of ions from the surface 
of the clay particles (Cunningham et al. e9456).  We performed antibacterial 
susceptibility experiments whereby we supplemented the clay mixtures with metal 
chelators (Cunningham et al. e9456).  Further, the addition of desferrioximine, which 
readily chelates Fe, Co, Cu, Ni, and Zn, rescued E. coli cells from clay-mediated killing 
(Cunningham et al. e9456).  We, therefore, hypothesized that these ions were major 
contributors to the antibacterial activity of natural clay mixtures.  Here, we prepared 
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solutions, termed synthates that contained Fe, Co, Cu, and Zn, and exhibited antibacterial 
activity.  We used these synthates to exchange these ions onto the clays evaluated in this 
study.  To our knowledge, these different clays have not been individually assessed for 
their respective in vivo antibacterial activity.  Moreover, the role of the physical and 
chemical properties has not been independently evaluated.  Here, we evaluated the in 
vivo antibacterial efficacy of natural, non-antibacterial clays and ion-exchanged, 
antibacterial montmorillonite, illite, and kaolinite clays against cutaneous MRSA 
infections in mice. 
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5.3 Methods 
5.3.1 Bacterial strains and growth conditions 
Methicillin-resistant Staphylococcus aureus (MRSA) was obtained from Sonora 
Quest Laboratories (Tempe, AZ, USA) and was grown on trypticase soy agar (TSA) or in 
trypticase soy broth (TSB).  Cultures were grown overnight for 14-18 h at 37°C with 
gentle rotary mixing.  Prior to use, the cells were pelleted via centrifugation for 5 min at 
13,000 × g, washed with sterile 0.85% saline, pelleted via centrifugation for 5 min at 
13,000 × g, and suspended in sterile 0.85% saline. 
5.3.2 Antibacterial susceptibility testing 
Exponential phase MRSA cultures were prepared by diluting overnight cultures 
into fresh growth medium to a concentration of 107 CFU/mL and continuing growth at 
37°C with gentle rotary mixing until the cultures reached mid-logarithmic phase of 
growth.  Bacterial cells were collected by centrifugation, washed once in 0.85% sterile 
saline, and suspended in the appropriate clay mixture leachate solution, clay mixture (at 
1% or 10% w/v), or sterile UV-irradiated ultrapure H2O (dH2O) at an initial concentration 
of 107 CFU/mL.  Samples were incubated at 37°C with gentle rotary mixing for 24 h, and 
cell survival was determined by plating duplicate 10-fold serial dilutions for each sample 
at appropriate time points and enumerating colonies on plates after overnight incubation 
at 37°C.  Due to sample processing, the indicated 0 h experimental exposure times were 
equivalent to approximately 3 min exposures. 
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5.3.3  Ion-exchanged clay preparation 
Clays were purchased from commercial suppliers (Kaolinite, Sigma Aldrich; 
EC12 and DV12, Argiletz) and were autoclaved for 1 h at 121°C before experimental 
use.  Ion-exchanged clays were prepared by suspending a 5% w/v solution of clay in 
synthate (200 µM FeCl3, 4 µM CoCl2, 80 µM CuCl2, and 40 µM ZnCl; prepared in UV 
ultrapure H2O) and mixing at 300 RPM at room temperature for 20-24 h.  The clay 
suspensions were subsequently centrifuged (31,000 × g) for 3 h at 4°C to separate 
insoluble and soluble fractions.  The solid fraction was dried for 24 h at 60°C, ground to a 
fine powder with a morter and pestle, and sterilized by autoclaving prior to further use. 
5.3.4 ICP-MS of ion-exchanged clays 
Measurements of the elemental concentrations in the leachate samples were 
determined using inductively coupled plasma mass spectrometry (ICP-MS) as previously 
described (Otto and Haydel e64068). 
5.3.5 Scalpel scraping infection model 
Animal infection experiments were performed at the Biodesign Institute, Arizona 
State University (Tempe, AZ), in accordance with institutional and national guidelines.  
Six- to eight-week-old female SKH1-Elite mice (Charles River) were used for all 
experiments.  The mice were anesthetized by intraperitoneal injection of 0.05 ml/25 g of 
body weight of a mixture of 21 mg ketamine, 2.4 mg xylazine, and 0.3 mg acepromazine.  
An area of approximately 2 cm2 was gently scraped with a scalpel blade, taking caution 
not to cut the skin.  Following this procedure, the skin became visibly damaged and was 
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characterized by reddening and glistening, but did not bleed.  After scraping the skin, a 
bacterial infection was initiated by inoculating 1 × 107 CFU/mL contained in a 10 µL 
volume onto the skin and gently spreading over the entire surface of the wound.  We then 
waited 4 h prior to initiating treatment. 
5.3.6 Wound infection treatment protocol 
The first treatment to the scraped skin of the mice was at 4 h post-infection. 
Thereafter, beginning at 16 h after the first treatment, treatments were made twice daily 
(morning and evening, 8 h interval) for 7 days.  For each treatment, 100 to 200 mg of 
hydrated clay was applied (estimated by weighing the pellet of clay on a spatula).  
Control groups included i) a group that was not infected and not treated, ii) a group that 
was not infected and treated with each experimental clay sample, iii) a group that was 
infected and not treated, and finally, iv) a positive control treatment group that was 
infected and treated with triple antibiotic ointment. 
5.3.7 Skin sample preparation 
Immediately after the mice were euthanized, the wounds, approximately 2 cm2, 
were excised and stored at 4°C for a maximum of 3 h.  Skin samples were divided in half 
for histology and CFU/mL measurements.  Samples for histological analyses were 
submerged in 10% neutral buffered formalin.  The formalin-fixed specimens 
were processed and embedded in paraffin, cut into 4 µm thick sections, and subsequently 
stained with Hematoxylin and Eosin (H&E). Samples for homogenization (50 – 200 mg) 
were placed in microfuge tubes containing five 1.6 mm stainless steel beads (Next 
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Advance).  The samples were homogenized for 10 min at 4°C in a bullet blender 
(BBX24, Imgen Technologies).  The samples were then diluted and plated onto mannitol 
salt agar (MSA) supplemented with 1µg/mL ampicillin and incubated overnight at 37° C 
to determine total CFU/g. 
5.3.8 Histological examination.   
A board-certified veterinary pathologist who was blinded to sample source read 
and analyzed the slides.  We developed an easy-to-follow scoring system where 
dermatitis was assessed as mild, 1; moderate, 2; severe, 3; or marked, 4.  The dermatitis 
severity criteria were as follows: i) mild, focal or few foci with inflammation confined to 
the superficial dermis; ii) moderate, multiple foci with inflammation extending to the 
deep dermis; iii) severe, regionally extensive foci with inflammation occasionally 
extending to the subcutis; and iv) marked, same as severe, but with inflammation 
extending to the subcutis through a large portion of the lesion, notable ulceration, down 
growth of the rete pegs, and hyperkeratosis. 
5.3.9 Behavioral responses of mice 
The mice were observed at least twice each day for signs of fatigue, stress, and 
aggressiveness. The mice were weighed before and after each experiment. 
5.3.10 Statistical analyses 
We analyzed the bacterial load in skin samples by log-10 transforming 
concentration values and comparing treatment groups using analysis of variance. We 
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used Tukey’s Honest Significant Difference (HSD) method to assess statistical 
significance at the 0.05 family-wise error rate. Swab samples were analyzed identically, 
except that p-values were Bonferroni-corrected to account for multiple hypothesis testing 
across sampling days. Two skin samples (one Day 0 inoculin control and one Day 7 
EC12 sample) and two swab samples (one Day 4 IE EC12 sample and one Day 6 EC12 
sample) were removed from analysis due to measured concentrations of 0. 
5.4 Results 
5.4.1 ICP-MS of ion-exchanged clays 
After ion-exchanging the three different clays, we performed ICP-MS to confirm 
that the clays had successfully been exchanged and to determine the magnitude of this 
exchange across the samples.  ICP-MS analyses determined that the concentration of Fe, 
Co, Cu, and Zn in IEK increased by 23.8-, 82.0-, 1.74-, and 20.5-fold, respectively (Table 
5.1).  In the EC12 samples, the concentration of Fe, Co, Cu, and Zn increased by 1.1-, 
1.8-, 6.7-, and 2.0-fold, respectively, and finally, in the DV12 samples, the Fe, Co, and 
Zn concentrations decreased while the Cu concentration increased by 9.3-fold (Table 
5.1). 
Table 5.1: Summary of ion concentration on EC12, DV12, and kaolinite clays before and 
after ion exchange. 
Ion EC12 DV12 Kaolinite 
  
Before  
[µg/g] 
After  
[µg/g] 
Fold 
change 
Before  
[µg/g] 
After  
[µg/g] 
Fold 
change 
Before  
[µg/g] 
After  
[µg/g] 
Fold 
change 
Fe  10895 11797 1.1  14587 79.3.0 - 506.0  12061 23.8 
Co  10.09 19.92 1.8  10.11 3.48 -  0.2 16.25 82.0 
Cu  20.62 138.69 6.7  17.09 158.39 -  74.14 128.75 1.74 
Zn  54.87 11.34 2.0  45.42 34.62 9.3  5.31 109.0 20.5 
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5.4.2 In vitro antibacterial susceptibility testing 
We purchased three different clay samples, montmorillonite, illite, and kaolinite, 
and ion exchanged the samples with an antibacterial mixture of metal ion salts.  Natural 
kaolinite did not exhibit any antibacterial activity with a 0.5-log10 unit decrease in 
viability after 24 hours, a lesser decrease than the H2O-only control (p = 0.097).  Ion-
exchanged kaolinite resulted in a 4.2-log10 unit decrease in viability after a 24 h exposure.  
Natural EC12 resulted in a 3.9-log10 unit decrease in MRSA viability while ion 
exchanged EC12 increased killing from the natural clays with a total decrease in viability 
of 4.5-log10 units over a 24 h exposure (p = 0.41).  Natural DV12 resulted in a 3.0-log10 
decrease in viability whereas ion-exchanged DV12 resulted in a 6.0-log10 unit decrease in 
viability (Figure 5.1). 
 
Figure 5.1: Viability of MRSA following exposure to natural and ion-exchanged clay 
minerals.  Error bars represent the standard error of the mean from at least three 
independent experiments. 
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5.4.3 Bacterial load in daily wound swabs 
During the course of treatment, daily swabs were taken daily to determine the 
bacterial load on the wound surface.  Natural healing, as measured by the no treatment 
group, resulted in a 1.4-log10 decrease in bacterial load after 7 days (Figure 5.2A).  The 
mice in the positive treatment control group, treated with triple antibiotic ointment, 
resulted in a 1.96-log10 decrease in bacterial load after 7 days of treatments (p = 0.0011) 
(Figure 5.2A).  The naturally antibacterial clay, CB10, resulted in a 1.83-log10 decrease in 
bacterial load after 7 days of treatment (p = 0.0023) (Figure 5.2A).  Treatment with 
natural kaolinite was the least effective treatment out of all the clays, with a 1.39-log10 
CFU reduction, whereas ion-exchanged kaolinite treatment exhibited a 2.36-log10 
decrease in bacterial load after 7 days (Figure 5.2A).  Natural DV12 decreased bacterial 
load by 2.53-log10 decrease in bacterial load after 7 days whereas IE DV12 resulted in a 
2.35-log10 decrease in bacterial load after 7 days (Figure 5.2A).  Finally, EC12 resulted in 
a 1.67-log10 decrease in bacterial load after 7 days (p = 0.0365) whereas IE EC12 resulted 
in a 2.53-log10 decrease in bacterial load (Figure 5.2a). 
5.4.4 Bacterial load in skin samples after 7 days of topical clay treatment 
We collected skin samples on day 0 from an inoculum control group and from all 
the mice after the 7-day course of treatment to determine the bacterial load in the skin.  
We recovered 7.91 ×108 CFU/g from the inoculum control group, confirming that we 
successfully established the bacterial infection.  While there was a decrease in bacterial 
load in all samples, the overall decrease in the skin samples was less than in the swabs.  
Neosporin treatment decreased the bacterial load by 1.79-log10 units (p = 0.0002) (Figure 
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5.2B).  CB10 performed the poorest out of all the clays with a decrease of 0.06-log10 units 
(Figure 5.2B).  Natural and ion-exchanged kaolinite decreased the bacterial load in the 
skin by 0.26- and 0.85-log10 units, respectively (Figure 5.2B). Natural and ion-exchanged 
DV12 treatment decreased bacterial load by 1.35- (p = 0.0306) and 0.85-log10 units, 
respectively (Figure 5.2B).  EC12 decreased bacterial load by 1.46-log10 units (p = 
0.0201), whereas the IE EC12 treatment resulted in the greatest decrease in bacterial load 
out of all the samples, with a decrease of 1.78-log10 units (p = 0.0007) (Figure 5.2B). 
5.4.5 Bacterial burden in the blood before and after 7 day clay treatment 
We recovered an average of 10 CFU/mL from blood samples in mice that 
received no treatment, were treated with triple antibiotic ointment and CB10 (data not 
shown).  No MRSA cells were recovered from blood samples taken from mice treated 
with natural and ion-exchanged EC12 and DV12 (data not shown). 
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Figure 5.2: Viable MRSA cells recovered from wound swabs (a) and skin samples (b) 0 
and 7 days following clay treatment. 
A 
B 
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5.4.6 Wound observations and Histology 
We observed macroscopic changes to wounds following treatment with the clays.  
After 7 days, the wounds in no treatment group developed a soft scab.  All of the clay-
treated samples had noticeable acanthosis, or thickening of the skin, with the two EC 
samples being the least severe and the two DV samples being the most severe.  We also 
performed pathological examinations of the skin following clay treatment.  A summary 
of the results for the scores of dermatitis can be seen in Table 5.2.  The control mice that 
were neither wounded nor infected, but were treated with clay for 7 days showed no to 
mild dermatitis (data not shown). Mice that were wounded and infected, but were not 
treated, had severe dermatitis.  Wound treatment with Neosporin resulted in moderate to 
moderate dermatitis (Figure 5.3F, Table 5.2).  CB10 treatment resulted in marked 
dermatitis (Figure 5.3G and 5.3H, Table 5.2).  Treatment with natural EC12 clay resulted 
in mild-moderate dermatitis (Figure 5.3J, Table 5.2), whereas mice that were treated with 
IE EC12 had moderate dermatitis (Figure 5.3L, Table 5.2).  DV12 and IE DV12 
treatment resulted in moderate and severe dermatitis, respectively (Figure 5.3N and 5.3P, 
respectively, Table 5.2).  Kaolinite clay treatment resulted in marked dermatitis, and the 
dermatitis was, on average, more severe than the no-treatment group (Figure 5.3R, Table 
5.2).   Finally, IEK treatment resulted in moderate dermatitis (Figure 5.3T, Table 5.2). 
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Table 5.2: Summary of scores for dermatitis following 7 day treatment with natural and 
ion-exchanged clays. NS = Not significant.  
Treatment Dermatitis 
score 
Dermatitis 
ranking Significance 
No tx 3 ± 0.45 Severe NS 
Neosporin 2.33 ± 0.88 Moderate NS 
CB10 3.67 ± 0.33 Marked NS 
EC12 1.7 ± 0.33 Mild-Moderate * (p = 0.037) 
IE EC12 2.3 ± 0.56 Moderate NS 
DV12 2.17 ± 0.4 Moderate NS 
IE DV12 2.83 ± 0.48 Severe NS 
Kaolinite 3.8 ± 0.2 Marked NS 
IEK 2.2 ± 0.58 Moderate NS 
 
 
 Figure 5.3: Macroscopic appearance of 
with Neosporin (E), CB10 (G
Kaolinite (Q), and IEK (S) and the histological appearance (magnification 40
wounds following 7 days of treatment with Neosporin 
(L), DV12 (N), IE DV12 (P), Kaolinite (
immediately after the termination of the experiment, fixed in formalin, and embedded in 
paraffin. The biopsy specimens were stained with hem
a
 All mice, except for the control mice, were wounded and infected with MRSA as 
described in the methods. 
b
 Control mouse samples were collected on day 0, prior to wounding, infect
initiating any treatments. 
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R), and IEK (T).  Skin specimens were taken 
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5.5 Discussion 
Previously published literature has revealed that the primary in vitro antibacterial 
mechanism of action is dependent upon soluble metal ions that are desorbed from the 
surface of the clays when hydrated (Otto et al. 1-13; Cunningham et al. e9456).  While 
clays have previously been used for the treatment of wound, little is known about the in 
vivo mechanism of action and a comprehensive study has not yet been completed to 
assess the antibacterial characteristics of different types of clays.  Here, we aimed to 
characterize the in vivo mechanism of action and the profile the in vivo antibacterial 
efficacy of different clay minerals. 
The control mice that were neither wounded nor infected, but were treated with 
each respective clay exhibited mild dermatitis.  The mice that were wounded and 
infected, but were not treated exhibited severe dermatitis, indicating that any changes or 
reduction in dermatitis severity were due to the clay treatment and not to the natural state 
of the skin or the MRSA infection itself.  CB10, DV12, and IE DV12, which were 
predominantly composed of montmorillonite clay, performed poorly.  For example, 
although CB10 resulted in a 1.83-log10 unit decrease in cells from the wound surface, 
there was only an average of 0.06-log10 unit decrease observed in the skin samples, 
indicating that many of the bacterial cells were still present in the deeper sections of the 
skin and were unable to be killed or removed from the wounds by the clay.  Treatment 
with kaolinite resulted in the lowest reduction in bacterial load (0.26-log10 units) and 
stimulated the most dermatitis. 
Ion-exchanging the clays enhanced the in vitro antibacterial activity; however, 
there was no significant difference in in vivo efficacy between the natural and ion-
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exchanged clays.  These data indicate that the in vivo mechanism of action is dependent 
on the physical properties of the clays rather than the ions present on the surface.  
However, because the natural clays exhibited some in vitro antibacterial behavior, we 
cannot completely rule out a chemically-derived component to the in vivo antibacterial 
mechanism. 
We observed significant differences in the in vivo antibacterial efficacy between 
the different types of clays.  The EC12 sample, or illite clay, performed the best as 
measured by decrease in swab bacterial load, inflammatory response, and gross wound 
morphology.  Illite clays have a moderate ion-exchange capacity and are non-swelling as 
compared to montmorillonite clays which are highly absorptive and kaolinite clays that 
are minimally absorptive.  Notably, the least absorptive clay, kaolinite, was, on average, 
the least effective of all the clays, resulting in the lowest decrease in bacterial load both 
the swab and skin samples and exhibiting severe dermatitis. 
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CHAPTER 6 
Metal ions in natural antibacterial clay leachates inhibit Escherichia coli 
respiration and energy metabolism 
 
6.1 Introduction 
Recent increases in antibiotic resistant bacterial pathogens have prompted a 
resurgence of interest to develop novel treatment strategies for treating these recalcitrant 
infections.   Natural products have historically been a primary source for antibacterial 
agents; however many unexplored niches remain for the discovery of additional 
therapies.  We have identified a natural clay, designated CB, which has antibacterial 
properties.  However, the antibacterial mechanism of action remains unknown.  
Previously, we showed that metal ions released from the surface of the clays are 
responsible for antibacterial activity (Otto and Haydel e64068; Cunningham et al. e9456).  
Metal ions have been shown to have pleiotropic negative effects on bacterial cells 
including eliminating cytoplasmic membrane potential (Warnes, Caves, and Keevil 1730-
1743), causing loss of outer membrane integrity (Warnes, Caves, and Keevil 1730-1743), 
inhibiting cellular respiration (Weaver et al. 2200-2205), and inducing oxidative damage 
to DNA (Weaver et al. 2200-2205), lipids (Hong et al. 1776-1784), and proteins 
(Stadtman 315-325).  
We showed that exposure to CB clays and leachates generate a strongly oxidizing 
environment (Otto and Haydel e64068). Oxidative stress imposed on the cells during clay 
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or leachate exposure is not the primary mechanism of antibacterial action (Chapter 4); 
however, the exact principle mechanism of action remains to be elucidated.  Previous 
literature has shown that cadmium (Cd) exposure increases the generation of reactive 
oxygen species during exposure to bacterial cells (Wang et al. 1434-1443; Lopez et al. 
940-951).  However, because Cd is not a redox active metal, the mechanism as to how 
these ROS were generated was unclear.  Wang et al. and Pacheco et al. demonstrated that 
Cd interferes with cellular respiration by directly binding to complexes II and III in the 
electron transport chain in liver, brain, and heart mitochondria of guinea pig (Pacheco et 
al. 271 - 278; Wang et al. 1434-1443).  When the function of this enzyme is inhibited, it 
has been shown to generate superoxide, which can then lead to further site-specific 
damage.  However, the oxidative damage is not the principle mechanism of Cd toxicity.  
Furthermore, Pacheco et al demonstrated that fermenting cultures are less sensitive to Cd 
toxicity than actively respiring cultures.  Wang and Crowley (Wang and Crowley 3259-
3266) reported in their Escherichia coli K-12 transcriptome study that Cd affects the 
expression of genes associated with protein synthesis, energy metabolism, and cell 
rescue. The up-regulation of genes associated with anaerobic metabolism and the 
shutdown of all high-energy consumption processes such as the biosynthesis of amino 
acids suggests that, when exposed to cadmium, cells switch to an energy conservation 
mode.  In a similar manner, the mechanism of action of silver has been linked with its 
interaction with thiol group compounds such as those found in the respiratory enzymes of 
bacterial cells.  Silver has been shown to bind to the bacterial cell wall and cell 
membrane and inhibit the respiration process (Klasen 117-130; Liau et al. 279-283; Feng 
et al. 662 - 668).  Finally, Co, Ag, Hg, Cd, and Zn have been shown to compromise the 
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function of Fe-S cluster proteins (Thorgersen and Downs 7774-7781; Xu and Imlay 
3614-3621).  This accumulating body of evidence in the literature along with previous 
data from our lab (Chapter 4) suggest that the toxicity of metal ions is to due direct 
binding and inactivation of the metals to enzymes involved in key metabolic pathways 
and that the reactive oxygen species generated in these systems are a secondary by 
product rather than the principle mechanism of action. 
Here, we tested the hypothesis that inhibition of cellular respiration is the 
principle mechanism of action in clay and leachate toxicity towards bacterial cells.  To 
test this hypothesis, we analyzed cellular respiration, ATP production, NADP+:NADPH 
ratios, membrane potential, electron transport chain enzyme activity, and the activity of 
three enzymes in the glycolysis pathway in bacteria following exposure of E. coli or 
methicillin-resistant Staphylococcus aureus (MRSA) to 10% CB suspensions or CB 
leachates. 
6.2 Materials and methods 
6.2.1 Bacterial Strains and Growth Conditions 
Escherichia coli ATCC 25922, obtained from the American Type Culture 
Collection (ATCC), and methicillin-resistant Staphylococcus aureus (MRSA), obtained 
from Sonora Quest Laboratories (Tempe, AZ, USA), were used for all studies as 
previously described (Haydel, Remenih, and Williams 353 - 361).  E. coli was grown on 
Luria-Bertani (LB) agar or in LB broth and MRSA was grown on trypticase soy agar 
(TSA) or in trypticase soy broth (TSB) at 37°C with gentle rotary mixing. 
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6.2.2 Resazurin reduction assay 
E. coli was prepared as described above and resuspended in the following 
experimental conditions: UV ultrapure H2O (H2O), LB, 5 µM CCCP in UV ultrapure 
H2O, and 2X CB10-L (CB-L). At each time point, duplicate 100 µL aliquots were 
transferred to an opaque 96-well plate, and 30 µL of 0.1% resazurin dye was added to 
each well. Media without added bacteria served as background controls for each 
respective experimental condition.  Values from these background controls were 
subtracted from those measured with added bacteria to determine experimental values.  
The plate was then incubated for 15 minutes at 37°C, and the fluorescence was measured 
at Ex/Em of 385/450. 
6.2.3 ATP measurements during CB exposure 
Mid-logarithmic phase cultures of E. coli ATCC 25922 and MRSA were prepared 
as described above.  For the ATP measurements, the cells were resuspended in minimal 
media (MM) or MM supplemented with 20 mM glucose each with and without the 
addition of 10% CB10 and 5 µM CCCP, respectively.  The following recipe for MM was 
used: 2.88g sodium phosphate, 1.5g potassium phosphate, 0.29g sodium chloride, 1.98g 
ammonium sulfate, 0.06g magnesium sulfate, 0.074g calcium chloride, and 500 mL 
water.  The ATP assay was performed according the manufacturer’s specifications (Bac-
Titer Glo, Promega).  Briefly, duplicate 100 µL aliquots from each experimental sample 
were transferred to an opaque 96-well plate and 100 µL of the Bac-titer Glo luciferase 
reagent was added to each well, and the luminescence measured.  ATP concentrations 
were determined by comparing experimental values to a standard curve of ATP dissolved 
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in UV H2O.  Background values of each respective experimental media only were 
subtracted from experimental values prior to calculating ATP concentrations.  Bacterial 
viability was assessed by taking samples at the appropriate time points, performing 
appropriate serial dilutions, and plating the samples onto LB agar plates.  CFU/mL of the 
samples was determined following overnight incubation at 37° C. 
6.2.4 NADP+:NADPH detection during CB exposure 
NADP+:NADPH analysis was performed using the NADP+:NADPH Detection 
Kit following manufacturers protocol (Cell Technology, Inc.). Stationary-phase E. coli 
(108 CFU/ml) was prepared as described above and exposed to 10% CB mineral 
suspension. Briefly, at designated times, 150 µL aliquots were collected and centrifuged 
for 5 min at 13,000 × g, prior to transferring 50 µL of the supernatant to a 96-well plate in 
duplicate.  The samples were then mixed with the reaction cocktail, incubated for 15 min 
in the dark at room temperature, and analyzed for fluorescence on a Molecular Devices 
SpectraMax M2 microplate reader at Ex/Em 570/600 nm.  Background NADP+ and 
NADPH levels of E. coli incubated in H2O were subtracted from reported results. A 
standard curve using different NADPH concentrations was generated as a positive control 
and to quantify NADP+ and NADPH concentration in experimental samples. 
6.2.5 ETC enzyme assays 
For ETC enzyme assays, cells were prepared as described above.  The cells (108 
CFU/mL) were then exposed to LB, UV H2O, 5 µM CCCP, CB-L, EDTA, and CB-L 
supplemented with 10 mM EDTA at 37°C with gentle agitation.  Following exposures, 
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samples were pelleted at 4,000 RPM, washed with 1M potassium phosphate buffer, and 
resuspended in chilled lysis buffer (100 mM Tris, pH 7.4, 2 mM Na3VO4, 100 mM NaCl, 
1% Triton X-100, 1 mM EDTA, 10% glycerol, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 
0.5% deoxycholate, 20 mM Na4P2O7).  The samples were chilled on ice for 10 min and 
10 µL of PMSF was added for every mL of cell suspension.  The cells were lysed with a 
French press at 1000 PSI with an outlet flow rate of approximately one drop every 
second. The collected lysate was used immediately or frozen -20°C. 
Enzyme assays for complexes I, III, and IV were measured as described by 
Frazier and Thorburn (Frazier and Thorburn 49-62), and complex II was measured 
according to Zhang et al (Zhang et al. 16330-16336).  Briefly, 100 µL of each protein 
sample was transferred into a 96-well plate and 50 µL of the respective buffer was added 
to each of these wells. Immediately after adding the buffer, the absorbance was measured 
(Cytochrome c, 550 nm; NADH, 340 nm; CoQ10, 280 nm).  Absorbance for each sample 
was measured at 20 sec intervals over the course of 4 min.  A280 was measured for all 
samples and used to normalize samples to protein concentration.  Complexes I and II 
were measured, and linear regions of the resulting data were used to calculate enzyme 
activity in nmol/min/mg protein.  Complexes III and IV were calculated as first order rate 
constants in K/min/mg protein. 
6.2.6 Membrane potential 
To measure the membrane potential in cells following exposure to CB-L, E. coli 
ATCC 25922 or MRSA cultures were prepared as described above.  Following exposure, 
EDTA and DiOC2(3) were added to final concentrations of 1 mM and 30 µM, 
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respectively. The samples were incubated for 15 min at room temperature in the dark 
before flow cytometry analyses.  A Cytomics FC 500 flow cytometer (Beckman Coulter, 
Inc., Brea, CA, USA) fitted with a 488 nm excitation laser was used for membrane 
potential analyses.  Green fluorescence was detected on channel FL1 with a 525 nm ± 10 
nm bandpass filter, and red fluorescence was detected on channel FL3 with a ≥ 620 
bandpass filter. 
6.2.7 Glycolysis enzyme assays 
For enzyme assays, cells (1 mL samples, OD600 0.9) were exposured to MM, 
MMG, 10% CB in MM, or 10% CB in MMG for 6 h, harvested via centrifugation at 
13,000 × g for 5 min, and resuspended in MO BIO native protein extraction buffer. Cells 
were then transferred to tubes containing approximately 400 µL 0.1 mm glass beads and 
additive Y and incubated at room temperature for 20 min.  The samples were then 
subjected to four rounds of 1-min bead beating intervals with 3 min incubations on ice 
between intervals.  Insoluble cell debris was removed by pelleting for 1 min at 13,000 × g 
and the supernatant was stored at -20ºC.  Total protein concentration was determined by 
useing the Pierce BCA protein assay kit according to the manufacturer’s guidelines. 
Enzyme assays, using 4 µg protein from each sample, were performed at 25ºC in a 
thermostatically-controlled spectrophotometer and absorbance at 340 nm was recorded 
every minute for 10 min. Enzyme activity rates were determined by calculating the µmol 
of product produced per min per mg total protein. The reactions were performed in 200 
µL volumes according to the following mixtures: triosephosphate isomerase (TPI): 300 
mM triethanolamine buffer (pH 7.8), 0.025 mM NADH, 2 U glycerolphosphate 
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dehydrogenase, 0.4 mM glyceraldehyde-3-phosphate (G3P); glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH): 13 mM sodium pyrophosphate, pH 8.5 in 26 mM sodium 
arsenate, 247.5 µM NAD+, 495 µM G3P, 3.3 mM DTT; glucose-6-phosphate 
dehydrogenase (G6PDH): 50 mM Tris-HCl in 33 mM MgCl2, 3.33 mM glucose-6-
phosphate, 200 µM NADP+. 
6.3 Results 
6.3.1 Resazurin reduction assay 
Resazurin is a redox sensitive dye that is reduced by actively respiring bacteria 
and is commonly used as an indicator or cell viability and cellular respiration.  We used 
resazurin reduction to measure cellular respiration during CB-L exposure.  RFU values of 
E. coli exposed to LB were at or below background for the first hour of incubation 
(Figure 6.1).  After 2 h of growth in LB, the RFU increased to an average of 290 (Figure 
6.1).  During a 2 h exposure to H2O and 5 µM CCCP, the RFU values remained below 
100, indicating that the cells under these conditions were not actively respiring (Figure 
6.1).  Immediately after putting the cells into CB-L, the respiration increased to 324.8 
RFU (Figure 6.1); however, over the 2 h time course, the fluorescence dropped to below 
0, indicating that respiration had ceased (Figure 6.1).   
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Figure 6.1: Summary of resazurin reduction in E. coli following exposure to LB, H2O, 
CCCP, and CB-L.  Error bars represent the standard error of the mean for at least three 
independent experiments.  
6.3.2 CB exposure eliminates ATP in E. coli 
We used the BacTiter-Glo kit to measure ATP concentration in E. coli cells 
during time-course exposures to 10% CB.  ATP generation in cells exposed to MMG was 
more robust than the cells in MM alone (Figure 6.2).  CCCP eliminated ATP in E. coli 
and MRSA cells after 6 h (Figure 6.2).  A 6 h exposure of E. coli to 10% CB in MMG 
significantly decreased ATP as compared to the MM-exposed cells (p = 0.0003) (Figure 
6.2A).  A 6 h exposure of MRSA to 10% CB in MM and MMG significantly reduced 
ATP as compared to the respective MM (p = 0.049) and MMG-exposed cells (p = 0.03) 
(Figure 6.2). 
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Figure 6.2: ATP concentrations in time course exposures of E. coli (A) and MRSA (B) 
following exposure to 10% CB suspensions.  Error bars represent the standard error of 
the mean for at least three independent experiments.   
6.3.3 Intracellular NADP+:NADPH ratio shifts towards a more reduced state upon 
exposure to CB minerals 
NADPH fuels the antioxidant activities of glutathione/glutaredoxin and 
thioredoxin systems needed to protect the cell from oxidative stress (Ralser et al. 10).  
Previous studies show that cells have a conserved physiological response to oxidative 
stress that works to upregulate pathways responsible for NADPH production (Pandolfi et 
al. 5209-5215; Ralser et al. 10).  As the preceding experiments confirmed that CB 
minerals and CB-L generate pro-oxidant environments, we investigated whether NADPH 
production increased during CB mineral exposure and whether glucose supplementation 
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increased the cells ability to metabolically shift to a more reduced state.  As seen in 
Figure 6.3, upon exposure to CB minerals, the intracellular environment shifted to a more 
reduced state as indicated by a NADP+:NADPH ratio < 1.0 in both stationary and 
logarithmic phase cells.  However, we did not detect a significant difference in 
NADP+:NADPH ratio with glucose supplementation, suggesting that glucose does rescue 
the cells from CB-mediated killing by shifting relative amounts of NADP+:NADPH. 
 
Figure 6.3: Time course evaluation of NADP+:NADPH ratios in E. coli stationary (A) 
and logrithmic (B) phase cells during exposure to 10% CB in MM and MMG.  Error bars 
represent the standard error of the mean for three independent replicates. 
6.3.4 Membrane potential 
DiOC2(3) dye strongly fluoresces green in all cells, regardless of membrane 
potential.  However, dye molecules will aggregate in cells with a normal membrane 
potential, producing a strong red fluorescence.  Loss of membrane potential results in 
loosely aggregated cells, and, therefore, a decrease in red fluorescence intensity.  
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However, the fluorescence intensity of DiOC2(3) will vary, even under identical exposure 
conditions, because of varying cells sizes.  To normalize the data, data are reported as 
red:green (R:G) fluorescence ratios.  The preliminary data for MRSA exposed to CB-L, 
completed in duplicate, strongly suggests that the leachate dissipates the membrane 
potential, with R:G ratios even lower in the CB-L-exposed cells than the CCCP-exposed 
positive control cells (Figure 6.4B).  Conversely, the data collected from E. coli 
seemingly indicates that the membrane potential in cells exposed to CB-L is comparable 
to that of MM and MMG-exposed cells (Figure 6.4A).  However, the low measured 
membrane potential across all of the E. coli samples may be an artifact due to inefficient 
penetration of the DiOC2(3) dye through the Gram-negative cell envelope (Shapiro 271-
279). 
 
Figure 6.4: Membrane potential, expressed as the red:green (R:G) fluorescence ratio, in 
E. coli (A) and MRSA (B) following exposure to CB-L and appropriate controls for 1 h.  
Error bars represent the standard error of the mean from duplicate experiments. 
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6.3.5 ETC enzyme assays 
We measured the enzyme activities of E. coli electron transport complexes I, II, 
III, and IV following a 2 h exposure to CB-L.  CL-L exposure significantly decreased the 
activity of complexes I (triplicate) and IV (single replicate) and increased the activity of 
complexes II (triplicate) and III (single replicate).  Addition of EDTA to CB-L during 
exposure restored the profile of enzyme activity to one similar to that of the H2O-exposed 
samples. The profile of ETC enzyme activity following CB-L exposure paralleled that of 
the cells exposed to CCCP.   
 
Figure 6.5: Enzyme activity of E. coli electron transport complexes I, II, III, and IV 
following 2 h exposure to CB-L.  Error bars represent the standard error of the mean for 
three independent experiments.  A single replicate for complexes III and IV were 
completed. 
6.3.6 Metabolic flux is redirected to PPP during leachate exposure.  
We assayed three metabolic enzymes with and without exposure to 10% CB to 
determine whether changes in their activities would mirror a response to an oxidizing 
environment. Additionally, we investigated whether glucose supplementation during CB 
exposure would increase the flux through the pentose phosphate pathway.  Our studies 
showed that the activities of GAPDH, G6PDH, and TPI were significantly inhibited 
following a 6 h exposure to 10% CB (Figures 6.6A, 6.6B, and 6.6C).  In the MM 
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samples, the addition of glucose decreased the activity of all three enzymes (Figures 
6.6A, 6.6B, and 6.6C).  The addition of glucose during 10% CB exposure did not restore 
enzyme functionality as was originally hypothesized (Figures 6.6A, 6.6B, and 6.6C). 
 
Figure 6.6: Enzyme activity of GAPHD (A), G6PDH (B), and TPI (C) in E. coli 
following a 6 h exposure to 10% CB.  Error bars represent the standard error of the mean 
for three independent experiments. 
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6.4 Discussion and recommendations for future work 
The microbicidal activity of metals has long been recognized, but the specific 
mechanism of toxicity remains unknown.  When studying metal ion toxicity, many 
researchers consider the toxicity of each metal independently.  While investigating the 
mechanism of action of the leachates, it would be possible to consider each ion 
independently.  However, metals can behave synergistically (Wah Chu and Chow 53-64; 
Starodub et al. 1173-1180) and, therefore, the leachate should be taken as a whole rather 
than studying the toxicity of each metal independently.  While previous studies on 
individual metals can inform our understanding of the mechanism of CB clay and 
leachate killing, the mechanism is likely due to a more complex series of events rather 
than a single target or event.  In the work presented here, we analyzed several different 
possible targets of direct (binding) and indirect (oxidative damage) metal ion toxicity on 
E. coli and MRSA to determine the roles that each of these interactions had on the cells. 
Dynamic rerouting of the central carbon metabolism from the glycolytic pathway 
to the pentose phosphate pathway has been shown to be a conserved response to 
combating oxidative stress (Ralser et al. 10).  Two enzymes in glycolysis, 
triosephosphate isomerase (TPI) and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), are known to be key targets of oxidative inhibition (Grant 1).  Specifically, 
GAPDH and TPI are inactivated by H2O2 and the thiol-specific oxidant, diamide, 
respectively (Ralser et al. 10).  Inactivation of either TPI or GAPDH results in the 
induction of glucose-6-phosphate dehydrogenase (G6PDH), which catalyzes the initial 
step in production of NADPH, a redox cofactor required for the main antioxidant systems 
(Pandolfi et al. 5209-5215; Holmgren 13963-13966).  Here, we showed that the activity 
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of G6PDH, GAPDH, and TPI were all completely inhibited following exposure to 10% 
CB clay.  Further, growth of E. coli with supplemental glucose did not result in any 
increase in enzyme activity.  These data suggest that the enzymes are directly inhibited 
by the metal ions themselves.  The inhibition of GAPDH is in agreement with previously 
published literature demonstrating that Zn2+ and Cu2+ strongly bind and inhibit the 
activity of GAPDH from bovine and rabbit muscle (Krotkiewska and Banas 1501-1505). 
Cobalt toxicity in Salmonella enterica LT2 has been shown to decrease [4Fe-4S] 
cluster metabolism, and the effects of this inhibition were ameliorated under anoxic 
conditions (Thorgersen and Downs 7774-7781).  Further, supplementation with iron 
following Co exposure did not restore function to the [4Fe-4S] clusters, indicating that 
the toxic effects of Co were irreversible (Thorgersen and Downs 7774-7781).  Sobota and 
Imlay noted that ribulose-5-phosphate 3-epimerase (Rpe) was inactivated by iron-driven 
Fenton chemistry; however, the activity of this enzyme was restored by supplementing 
the medium with additional iron (Sobota and Imlay 5402-5407).  Hydrogen peroxide has 
also been shown to inactivate [4Fe-4S] clusters in E. coli (Jang and Imlay 1448-1467), 
however, it is unlikely that H2O2 plays a significant role in the clay and leachate toxicity 
since the measured amount of H2O2 during clay and leachate exposure are comparable to 
those produced during active growth (Chapter 4).  Rather, inhibition of the enzymes 
containing [4Fe-4S] clusters is likely due to the metals directly binding to the targets.  
Notably, exposure to CB-L significantly inhibited complexes I and IV, but stimulated the 
activity of complexes II and III.  Xu and Imlay have noted that some [4Fe-4S]-containing 
enzymes are highly susceptible to metal-catalyzed damage whereas others are not (Xu 
and Imlay 3614-3621).  Enzymes containing [4Fe-4S] clusters serve as Lewis acids to 
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promote the dehydration reaction, whereby the clusters are openly exposed to the solvent 
(Xu and Imlay 3614-3621).  Xu and Imlay show that not all [4Fe-4S]-containing enzymes 
are equally affected and propose that the enzymes that are most susceptible to metal-
driven damage are those that contain exposed [4Fe-4S] clusters (Xu and Imlay 3614-
3621).  While the electron-transfer dehydratases contain [4Fe-4S] clusters, they are 
exposed whereas the others are protected by a peptide, and therefore not as susceptible to 
metal-catalyzed damage (Xu and Imlay 3614-3621).  These differences in enzyme-
targeted toxicity could explain the differential effects of the leachate on the ETC 
complexes in this study.  CCCP, a proton ionophore, is known to decouple respiration 
from oxidative phosphorylation.  The consequence of this decoupling is the stimulation 
of certain enzymes in the electron transport chain which results in a characteristic profile 
of ETC enzyme activity.   Notably, the profile of enzyme activity of CB-L exposed cells 
nearly identically paralleled the CCCP profile, suggesting that CB-L decouples 
respiration.  Further, supplementation with EDTA during CB-L exposure restored the 
ETC enzyme activity profile to that of LB-exposed cells.  These data suggest that direct 
binding of the leachate metals are responsible for the observed changes in enzyme 
activity rather than indirect oxidative damage. 
The data from these electron transport chain and glycolysis enzyme assays 
strongly suggest that the leachate decouples respiration from the oxidative 
phosphorylation generation of ATP and that the leachate inhibits metabolic activity 
through the glycolytic cycle.  However, further studies are needed to define a causative 
link with the leachate-mediated toxicity.  Further, while damage of the [4Fe-4S] clusters 
in G6PDH, GAPDH, and TPI explains the total inactivation of these enzymes following 
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exposure to CB leachate, the mechanism of how the leachate inhibited the activity of 
complexes I and IV but stimulated the activities of complexes II and III remains unclear.   
Previous literature has provided evidence that oxidative stress overwhelms the 
cellular redox mechanisms, thus resulting in damage to cellular macromolecules 
(Pourahmad and O'Brien 263-273; Yang et al. 712-716).  NADPH is a major fuel for 
these antioxidant defense systems (Masip, Veeravalli, and Georgiou 753 - 762) and is 
often exhausted in oxidative stress conditions.  However, we demonstrated that the 
NADP+:NADPH ratio is maintained in a reduced state during CB-L exposure, suggesting 
that the cell is able to maintain the intracellular redox balance.  Therefore, the cells are 
not under cytoplasmic oxidative stress during CB exposure.  However, it is unclear how 
the cell is able to maintain this reduced state since the activities of G6PDH, GAPDH, and 
TPI were completely inhibited during CB-L exposure. 
Previously, we exposed E. coli ATCC 25922 to 10% CB and CB-L under aerobic 
and anoxic conditions.  These exposure conditions resulted in parallel killing activity 
(Chapter 4), demonstrating that oxygen is dispensable for toxicity.  Pacheco et al. 
previously demonstrated that fermenting cultures are less sensitive to cadmium toxicity 
than actively respiring cultures.  Aerobically grown cultures show no significant increase 
in viability when exposed to CB clay or leachate with glucose supplementation (Chapter 
4, Table 4.1).  In the anoxic experiments conducted herein, the cultures were exposed in 
water and were not supplemented with any additional carbon source.  To further isolate 
the role of the ETC and energy metabolic pathways on the mechanism of action of CB 
clay and leachate, I propose that we expose the cells to CB clay under anoxic conditions 
with supplemental glucose.  If the hypothesis holds true, then the fermenting cultures 
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should be less susceptible to the clay than those exposed without glucose.  One potential 
pitfall to note, however, is the recognition that the previously published studies were 
analyzing the effects of a single metal ion, cadmium.  In our case, we have a mixture of 
different ions that are likely behaving in a complex and/or synergistic manner.  Further, 
the CB clays were shown to inhibit the activity of G6PDH, GAPDH, and TPI in the 
glycolytic pathway.  Therefore, if restoration of viability with glucose supplementation 
under anoxic conditions is not observed, then we still cannot rule out the important role 
of the ETC in a portion of the mechanism of action.   
We analyzed several different possible targets of direct (binding) and indirect 
(oxidative damage) metal ion toxicity on E. coli and MRSA to determine the roles that 
each of these interactions had on the cells. While many questions remain, we have 
demonstrated that the mechanism of action is not due to indirect oxidative stress, but 
rather to direct binding of the metals themselves.  Future research is needed to determine 
the specific targets of these metals to fully characterize the antibacterial mechanism of 
action. 
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CHAPTER 7 
Final summary 
 
7.1 Summary 
The National Center for Complementary and Alternative Medicine (NCCAM) 
defines “complementary” medicine as using a non-mainstream approach together 
with conventional medicine while “alternative” medicine refers to using a non-
mainstream approach in place of conventional medicine.  By today’s standards, examples 
of CAM therapies could include anything from natural products such as herbs, vitamins 
and minerals, and probiotics or mind and body practices such as acupuncture, massage 
therapy, meditation, or yoga; however, “conventional medicine” likely means different 
things to different people, so CAM is, therefore, a difficult term to define. 
CAM therapies play a very important role in health practices today.  According to 
a 2008 report from the Centers for Disease Control, nearly 40% of American adults and 
12% of American children used some form of CAM therapy in the preceding year.  The 
report confirmed that when worry about cost delayed the receipt of conventional medical 
care or when unable to afford conventional medical care, adults were more likely to use 
CAM than when the cost of conventional care was not a worry (Barnes, Bloom, and 
Nahin 1-23).  Given increasing rates of health care costs (Martin et al. 11-22), and the 
cost-effective nature of CAM (Herman, Craig, and Caspi 11), CAM therapies are 
excellent supplement/alternative to help defray healthcare costs.  However, despite the 
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long history and widespread use of CAM therapies, many treatments have not been 
scientifically validated, and the Food and Drug Administration does not regulate the 
safety and efficacy of CAM treatments.  Our goal with the work presented herein aimed 
to expand our understanding of one particular CAM therapy, antibacterial clays, and to 
scientifically validate the safety and efficacy of these clays as a treatment option for 
cutaneous infections. 
We begin in chapters 2 by addressing basic mechanism of action questions.  In the 
early stages of this research project, we asked the questions “are the cells lysing” and/or 
“are the membranes being permeabilized following clay or leachate exposure?”  We used 
scanning and transmission electron microscopy to observe morphological changes 
following clay exposure and the LIVE/DEAD staining kit in conjunction with flow 
cytometry to assess membrane integrity following leachate exposure.  We observed 
morphological changes in E. coli and MRSA, including condensation of the cytoplasm, 
and small (~ 10 nm), electron-dense deposits on the surface of the cells (Otto et al. 1-13).  
Overall, the cells were intact, demonstrating that the antibacterial leachates do not lyse 
the cells.  The LIVE/DEAD analyses revealed that the E. coli membrane remained intact 
following exposure to antibacterial leachate, while the MRSA membrane was 
permeabilized.  It is possible to consider, based on these results, that the antibacterial 
mechanism of action is different for Gram-negative and Gram-positive cells.  However, it 
should be noted that when completing the LIVE/DEAD staining experiments, the lengths 
of exposure were different in order to normalize the antibacterial activity between the 
samples.  E. coli is generally killed at a much faster rate than MRSA, and was, therefore, 
only exposed to the leachate for 1 h prior to staining.  MRSA, on the other hand is killed 
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much more slowly, and was therefore, exposed for 15 h.  Therefore, it is more likely that 
the membrane permeabilization observed in the MRSA samples was due to natural post-
mortem membrane degradation. 
As we progressed in this research, we observed that not all clays have 
antibacterial activity.  In fact, in some cases, different types of clays had antibacterial 
activity.  In other examples, minerologically-identical samples, collected from the same 
source, displayed different antibacterial efficacy.  We, therefore, surmised that the in 
vitro antibacterial activity was independent the physical particles.  ICP-MS analyses of 
leachates prepared from four different mineralogically-identical samples revealed great 
differences between the ions desorbed from each of the respective leachates.  Single 
variable regression analyses revealed that Zn2+, Ni2+, Co2+, and Cu2+ concentrations are 
positively associated with increased antibacterial activity against E. coli, while Zn2+, 
Co2+, and Cu2+ are positively associated with antibacterial activity against MRSA (Otto 
and Haydel e64068).  We conducted multivariate regression models to examine the 
combined role of different ion species and pH on antibacterial activity.  The multivariate 
regression statistical models revealed that pH, Ni2+, Fe2+, and Fe3+ best explained 
antibacterial activity against E. coli, while pH, Co2+, Co3+, Fe2+, and Fe3+ best explained 
antibacterial activity against MRSA.  We should note that a limitation of the speciation 
modeling and ICP analyses is that neither includes information about anions, such as 
sulfur anions, potentially present in the leachates and, therefore, should be considered 
suggestive, rather than conclusive. 
Speciation modeling of ions present in CB-L revealed increased concentrations of 
soluble Cu2+ and Fe2+ in the antibacterial leachates, compared to non-antibacterial 
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leachates, suggesting that these ionic species are modulating the antibacterial activity of 
the leachates.  Fe and Cu are known to participate in the Fenton and Fenton-like 
reactions, respectively, whereby the metal reacts with H2O2 to produce a hydroxyl radical 
(Winterbourn 969-974).  Current dogma asserts that ROS-driven oxidative damage to 
macromolecules is directly responsible for killing bacteria whereby H2O2 diffuses into the 
cells, damages DNA, and kills the cell.  However, while correlations of oxidative damage 
and killing exist, a causal relationship has not been established.  We, therefore, 
hypothesized that the metal ions in the clays caused harmful oxidative damage to major 
macromolecules which eventually lead to cell death.  We tested this hypothesis by first 
confirming that all the reactants and products of the Fenton reaction are present in our 
system, followed by evaluating oxidative damage to nucleic acids, proteins, and lipids in 
E. coli with and without the addition of ROS scavengers during leachate exposure.  
However, contrary to the hypothesis that metal-catalyzed oxidative damage causes 
killing, we did not observe oxidative damage to DNA or proteins and detected a slight 
increase in oxidative damage to lipids.  Further, eliminating the oxidative stress by 
supplementing with ROS scavengers did not rescue the cells from killing and exposure to 
leachates under anoxic conditions still resulted in killing, demonstrating that oxygen was 
dispensable for toxicity.  In summary, we conclude that clay-mediated killing is not due 
to oxidative damage, but rather via toxicity associated directly with released metal ions, 
thus rejecting the hypothesis that metal-catalyzed oxidative stress causes clay leachate 
antibacterial activity. 
Our last goal with the research presented herein was to test the safety and efficacy 
of the antibacterial clays in vivo.  To accomplish this goal, we generated wounds with 
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MRSA infections on the backs of mice and treated these infections twice daily for seven 
days.  Prior data from our lab demonstrated that in vitro antibacterial activity was due to a 
particular mixture and pH of ions bound to the surface of the clays, rather than physical 
properties of the clays; however, it was unclear if the ions were also responsible for in 
vivo antibacterial activity.  Furthermore, different clays have very different physical 
properties that we hypothesized could result in different in vivo behaviors.  We, 
therefore, evaluated the in vivo antibacterial efficacy of natural, non-antibacterial clays 
and ion-exchanged, antibacterial montmorillonite, illite, and kaolinite clays against 
cutaneous MRSA infections in mice.  Notably, we did not observe any significant 
difference in antibacterial activity between the natural clays and their respective ion-
exchanged equivalent; however, we did observe differences across the different types of 
clays.  Overall, data from these experiments showed that the illite clay brought about the 
greatest decrease in bacterial load and least dermatitis, followed by the montmorillonite, 
and then kaolinite.  These data demonstrate that in vivo antibacterial activity is due to the 
physical properties of the clays rather than exchangeable ions and that different types of 
clays have varying in vivo efficacies. 
In summary, here we have confirmed that oxidative stress is not the antibacterial 
mechanism of action and have described the characterization and development of 
antibacterial clays.  The research presented herein provides further evidence for the CAM 
use of clays to treat cutaneous infections; however, the type of clay used must be taken 
into consideration in order to maximize efficacy. 
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